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CHAPTER I 
INTRODUCTION 

INTRODUCTION 
General Introduction 
Bacteriophage M13 which forms the subject of this thesis is 
a member of the single-stranded DNA containing phages. Based upon 
their shape these phages can be divided into two classes, denoted 
"isosahedral" and filamentous". Both classes resemble each other 
in many aspects, for instance in the size of the single-stranded 
DNA, in the number of genes contained within their genomes and 
in the way their DNA is replicated. The best characterized mem-
bers of the icosahedral phages are 0X174, G4 and S13. Their ge-
nome consists of a circular single-stranded DNA molecule which 
is about 5500 nucleotides long. It is packed in an icosahedral 
protein-coat consisting of a jacket with a spike at each of the 
twelve apices of the fivefold symmetry. These spherical phages 
follow the conventional infective cycle of attachment, eclipse, 
and release of progeny particles by lysis of the host cell. For 
a survey of the present knowledge of these phages, the reader is 
referred to the Cold Spring Harbor monograph "The Single-Stranded 
DNA Phages" (1). 
Filamentous bacteriophages are nucleoprotein rods, about 6 
nm in diameter and 800-2000 nm in length (2). Their DNA occupies 
a central core around a helical array of protein monomers. In 
contrast to the icosahedral phages, they do not lyse nor kill 
their host cell. Instead, after infection a fine balance is main-
tained between phage and host functions. Viral DNA replication 
and viral RNA and protein synthesis is programmed in such a way 
that progeny phage particles are extruded continuously through 
the host cell membrane whereas the host cell continues to grow 
and divide, although at a lower rate than non-infected cells. 
Filamentous phages infect only bacteria which contain sex-pili. 
These are rod-like protein appendages, present in several copies 
per cell, usually specified by a transmissable sex plasmid. 
Adsorption of the phage is thought to take place by attachment 
of one of the virions ends to the tip of the sex-pilus. Concomi-
tant with the deposition of pilus-proteins into the bacterial 
membrane,the phage is transported to the host cell surface (1-4). 
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Based upon X-ray analysis the filamentous phages are sub-
divided into two distinct groups. Group I includes all known 
F-pilus and I-pilus specific viruses which all are hosted in 
Escherichia coli (5) . M13, fi, fd, ZJ/2, EC9, AE2, HR and ¿A are 
representatives of the F-pilus specific phages (2). To the I-
pilus specific phages belong Ifl and If2 (2,6,7). Members of the 
second group have Pseudomonas aeruginosa or Xanthomonas oryzae strains 
as host. These include Pfl, Pf2, Pf3 and Xf respectively (8-11). 
The F-specific filamentous (Ff) phages M13, fl and fd have 
been the subject of intensive investigations and are both gene-
tically as well as biochemically well characterized (reviewed in 
1,2,12,13). Recently, the complete nucleotide sequence of their 
genomes has been established (14-17). These sequence data indi-
cate that M13 and fl are more related to each other than M13 and 
fd (percentage of base substitutions 0.8% and 2%, respectively). 
It could also be concluded that the positions of the regulatory 
elements as well as the sizes of the genes of these phages are 
conserved. Only very recently the other less related filamentous 
phages have become subject of intensive investigations. 
In the following sections a short survey of our present 
knowledge of the Ff-phages will be given. Special attention will 
be drawn to bacteriophage M13 and its relatives fl and fd. 
Structure of the Ff-phages 
The wild-type Ff-phages are 985 nm long (1). Their single-
stranded DNA molecule of 6407 (M13,fl) or 6408 (fd) nucleotides 
is contained within a central core, 2.5 nm in diameter, and is 
surrounded by a protein cylinder with an inner diameter of 4 nm 
and an outer diameter of 6 nm (18-20). The cylinder consists of 
about 2700 helically-arranged overlapping and interdigitating 
B-protein monomers, encoded by gene VIII. The monomers are in an 
alpha-helical configuration and form a left-handed helix around 
the central core with 4.5 molecules per turn (5,10,19,20). At or 
near one end of the filament five molecules of Α-protein (encoded 
by gene III) and five molecules of D-protein (encoded by gene VI) 
are located (21-27). At the opposite tip about ten molecules of 
C-protein are situated (25,26). Recent studies have indicated 
that C-protein actually is a mixture of about equimolar amounts 
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Fig. 1. C i r c u l a r g e n e t i c шар of the fi lamentous coliphage M13. Roman 
numerals r e f e r t o the genes. X r e f e r s to a gene which completely over laps 
with the carboxy-terminal end of gene I I . The d i r e c t i o n of t r a n s c r i p t i o n 
i s i n d i c a t e d . Bars denote the p o s i t i o n s of the in vitro d e t e c t e d RNA 
i n i t i a t i o n s i t e s . The s t a r t i n g nuc leot ides are shown and the s u b s c r i p t s i n ­
d i c a t e the p o s i t i o n on the phys ica l map. To.25 stands for the Л^о-indepen-
dent t r a n s c r i p t i o n terminat ion s i g n a l . IG r e f e r s t o the i n t e r g e n i c region 
in which the r e p l i c a t i o n o r i g i n s for both t h e v i r a l and the complementary 
s t r a n d are l o c a t e d . The s i n g l e Hindll cleavage s i t e serves as a reference 
(zero) p o i n t on the phys ica l map. 
of t h e p r o t e i n s s p e c i f i e d by genes VII and IX ( 2 3 - 2 5 ) . 
The c i r c u l a r DNA m o l e c u l e e x t e n d s i n t h e v i r i o n from one end 
t o t h e o t h e r and back a g a i n so t h a t t h e r e a r e two a n t i p a r a l l e l 
c h a i n s which form a h e l i c a l s t r u c t u r e ( 1 0 , 2 8 ) . I n w i l d - t y p e v i ­
r i o n s t h e DNA r e g i o n which codes for gene I l l - p r o t e i n i s l o c a t e d 
a t t h e " Α - p r o t e i n " end whereas t h e s o - c a l l e d i n t e r g e n i c r e g i o n i s 
l o c a t e d c l o s e t o t h e " C - p r o t e i n " end of t h e p a r t i c l e (29; see Fig. 
1 ) . A n a l y s i s of t h e DNA o r i e n t a t i o n i n phages i n which a d d i t i o n a l 
sequences have been i n s e r t e d , have d e m o n s t r a t e d t h a t i r r e s p e c t i v e 
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of the insert length the same part of the intergenic region re­
mains orientated towards the "C-protein" end. This particular 
part is located at the junction of gene IV and the intergenic 
region and has the intrinsic property to form a stable stem-loop 
structure (hairpin A, Fig. 2; 14,17,29-31). Recently it has been 
suggested that the viral DNA is connected via this hairpin with 
coat-protein molecules (30-32). 
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Fig. 2. Secondary s t r u c t u r e of the v i r a l DNA in the i n t e r g e n i c region 
between genes IV and I I . The five h a i r p i n s a re labeled A through E in the 
5 ' •* 3' d i r e c t i o n . The i n i t i a t i o n s i t e s for v i r a l - a n d complementary-strand 
synthes i s are i n d i c a t e d by arrows. The Gibbs free energ ies of s t a b i l i z a t i o n 
in kcal/mol are shown in parentheses . Nucleotide p o s i t i o n s are i n d i c a t e d 
according to van Wezenbeek e t a l . (14). 
Although i n s t o c k - s o l u t i o n s of Pf-phages t h e m a j o r i t y of 
p a r t i c l e s c o n s i s t s of w i l d - t y p e phages of 985 nm l e n g t h , phage-
l i k e p a r t i c l e s wi th o t h e r s i z e s a r e p r e s e n t among phage progeny. 
Some a r e t w i c e , o t h e r s (midiphages) 1.2 t o 1.8 t i m e s and s t i l l 
o t h e r s (miniphages) 0.2 t o 0.5 t i m e s as long as w i l d - t y p e phages 
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(33). In all cases the length of the single-stranded DNA is pro­
portional to the length of the phage particle. 
Ff оЪопгпд veotors 
Their great flexibility in size, in principle solely de­
termined by the length of single-stranded DNA to be packaged, has 
led to the discovery that Ff-phages are very suitable cloning 
vehicles. Relatively large pieces of foreign DNA can be inserted 
into the viral genome without destroying phage viability (34-48). 
All phage functions are retained in case the DNA has been insert­
ed in particular sites of the mtergenic region (34,36,41). 
Recombinant phages which bear DNA inserts within one of the genes 
are helper dependent (43,46,47). 
Recently a number of suitable Ff cloning vectors have been 
constructed. These include phages which carry a part of the E.ooli 
lac (34,35) or of the S. typMrmrium his (41) Operon. DNA fragments 
which either code for specific drug resistance (36-38,40,44,47, 
48) or which contain unique restriction enzyme cleavage sites 
(42) have also been introduced into the Ff-phage genome. DNA 
cloned in these vectors can be obtained both in a single-stranded 
(from phage particles) as well as in a double-stranded form (from 
infected or transformed cells). Since the foreign DNA can be in­
serted into the two possible orientations large amounts of its 
separated strands can easily be obtained. This is of great 
advantage for a large number of biochemical and genetical in­
vestigations. For instance, the single-stranded DNA can be used 
as a strand-specific hybridization probe. It is also of great 
advantage for the application of site specific mutagenesis (49-
53). At present, the most important application of recombinant 
single-stranded DNA molecules is their use m DNA sequencing 
analysis with the aid of the chain termination method of Sanger 
and coworkers (54). For this purpose M13 cloning vehicles and 
suitable primers have been constructed (34,35,55,56). 
The life cycle of Ff-phages 
Adsorption and penetration 
The mechanism by which the phage enters its host is not 
completely understood. The phage attaches to the end of the F-
pilus and is transported to the cell surface, possibly as a 
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result of retraction of the F-pilus (1-4). The Α-protein, which 
is at one end of the phage filament, plays an important role in 
this process (47,57). Subsequently the viral DNA is transferred 
into the cell. During the dismantling of the DNA, the major coat 
protein is deposited into the cell inner membrane. At later 
times after infection this protein is re-used for assembly of 
progeny virions (58). It has been suggested that Α-protein re­
mains associated with the viral DNA and is required for proper 
association of the DNA with its replication site (57,59). This 
finding has been challenged because of the difficulties associat­
ed with distinguishing experimentally between a failure of ad­
sorption and a failure of parental DNA replication (60). In this 
connection it is worth mentioning that there appears to be no 
requirement for specific DNA sequences at the "Α-protein" end of 
the phage particle and that within the wild-type virion the 
intergenic region, which contains the origins of replication, is 
located at the "C-protein" end (29,61). 
Infected cells are resistent to superinfection. Ff-phage 
growth is also hampered in cells containing a plasmid which har­
bours the Ff-phage replication origin (IPl phenotype). Apparent­
ly, the presence of the replication origin is solely responsible 
for this phenotype (62). It can be explained as an instance of 
competitive growth much like that seen with defective interfering 
particles or miniphages. Miniphages are deletion mutants which 
contain the intact origin of DNA replication but no intact 
structural genes (63-65). They require the presence of helper 
phage to grow and they interfere with the growth of their helper 
at the level of DNA replication (competition for replication 
sites). 
Infected cells are also resistent to infection with the F-
specific RNA phage f2 (IP2 phenotype). This block in adsorption 
and penetration is caused by the amino-terminal portion of gene 
II-protein (61,62). The only common attribute of Ff-phages and 
RNA phages which might explain the IP2 phenotype is, that both 
infect the E.aoli cell by adsorption to the F-pilus. Therefore 
it has been suggested that the effect of the amino-terminal 
portion of gene II-protein can be envisioned as an effect on the 
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F-pilus (61,62). 
DNA replication 
The viral DNA replication cycle can be divided into three 
different stages (59,66,67). 
- Conversion of single-stranded DNA into parental replicative 
form DNA (SS ->• RF) . 
- Replication of parental RF (RF -»• RF) . 
- Synthesis of new viral strands (RF •* SS) . 
During the first stage only host encoded functions are re-
quired (68). Complementary strand synthesis is initiated by a 
short RNA-primer which is formed on a stem-loop structure (hair-
pin C) in the intergenic region by E.aoli RNA polymerase (Fig. 2; 
69). Synthesis of this strand is completed by DNA polymerase III 
holoenzyme. After replacement of the RNA primer with the aid of 
DNA polymerase I and closure of the newly synthesized strand by 
DNA ligase, supercoils are introduced into the double-stranded 
DNA molecule by DNA gyrase (70,71). The supercoiled parental 
RF-I molecule thus formed is replicated during the second stage, 
which results in the formation of about 20 0 progeny RF molecules 
(RF ->· RF) . This process appears to be associated with the 
bacterial membrane (72) and occurs most probably by a "rolling 
circle" mechanism (73). Besides a number of host proteins (74), 
the phage-encoded gene II-protein is required for this process. 
It nicks the viral strand of the RF-I molecule at a unique site 
which is located 24 nucleotides upstream to the initiation site 
of the complementary strand (Fig. 2; 75-78) thereby converting 
the supercoiled RF-I molecule into a relaxed open form (RF-II). 
The 3'-hydroxyl terminus generated, serves as a primer for viral 
strand synthesis while the original viral strand is displaced. 
After a full round of replication the displaced strand is split 
off and circularized by the nicking and closing activity of 
gene II-protein (79,80). The newly formed RF-II molecule then is 
converted into RF-I by the subsequent action of ligase and gyrase. 
In the early stages of infection the displaced viral strand is 
converted into RF-I as described above. 
Although the initiation sites for both the viral as well as 
the complementary strand are known, the precise boundaries of the 
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replication origin have not been established yet (81,82). Recent-
ly, it has been demonstrated that a DNA fragment extending from 
nucleotide position 5614 - 5995 does contain the entire sequence 
necessary for a functional replication origin (61). It comprises, 
however, structural elements that can function at variable dis-
tances from each other (34,42). 
The transition from duplex DNA replication to the third 
stage of the replication cycle, i.e. the assymetric viral strand 
synthesis (RF ->• SS) , is regulated by gene V-protein, a phage-
encoded DNA binding protein (67,83). The transition is caused by 
the strong cooperative binding of this protein to the displaced 
viral strands (67,84-86). In this way complementary strand syn-
thesis is prohibited. Besides gene V-protein, gene II-protein and 
several host-encoded functions are indispensible during this 
stage of DNA replication (74). 
Phage assembly 
The complex of single-stranded DNA and gene V-protein forms 
the precursor in the assembly process of the filamentous phage. 
During this process the DNA passes through the inner membrane, 
whereby gene V-proteins are replaced by capsid proteins which 
have accumulated in the inner cell-membrane during the infection. 
Gene V-protein is displaced into the cytoplasm and can be re-used 
for SS DNA synthesis (87). Since the sequence located near the 
junction of gene IV and the intergenic region (hairpin A; Fig. 2) 
always is found at the "C-protein" end of the particle, it has 
been suggested that this sequence triggers the process of phage 
morphogenesis (29). Insertion of this sequence into a plasmid, 
which harbours the Ff-phage replication origin, induces, in the 
presence of wild-type helper phage, packaging of the single-
stranded chimeric plasmid DNA (61). It furthermore has been 
suggested that gene VII- and IX-proteins direct the very early 
events of chanelling the V-protein-DNA complex through the host 
cell membrane whereas gene VI-protein functions as a cut-off 
agent for further tubular growth (25,88). Although nothing is 
known about the mechanism of action of the proteins encoded by 
genes I and IV, there is, however, evidence that they also are 
involved in the phage assembly process (1,2,86). 
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Genes, gene products and Ыгег biological properties. 
Genes 
Detailed genetic studies on Ff-phages have initially been 
carried out by Pratt and coworkers (89,90). A number of amber 
and temperature sensitive mutants have been collected and clas­
sified by standard complementation tests. These studies revealed 
the presence of at least eight complementation groups (genes). 
Recently, the presence of a ninth gene has unambiguously been 
demonstrated (49), whereas in vitro protein synthesis studies have 
evidenced that the genome still contains a tenth gene (91-93). 
The latter is contained entirely within, and is translated in 
phase with, the COOH-terminal end of gene II. Very recently, it 
has been shown that the product of this gene (X-protein) is syn­
thesized in f1 infected bacteria (94). The relative positions 
of the various genes on the physical map have been established 
by several approaches. These include recombination studies (95), 
marker rescue experiments (96-98), in vitro transcription-trans­
lation studies (91-93, 99-101) and amino acid (23-27,102,103) 
and nucleotide sequence analyses (14-17). The exact position of 
each gene has been defined with the aid of nucleotide sequence 
analyses of the DNAs prepared from amber mutant phages (14). The 
sizes of the M13 genes and the molecular weights of their encoded 
products are listed in Table I. 
Gene products 
The development otin vitro protein synthesizing systems has 
considerably facilitated the identification of the various gene 
products (91-93). With the aid of these systems, eight M13 gene 
products (i.e. gene I-, II-, III-, IV-, V-, VIII-, IX- and X-
protein) could unambiguously be identified (49,92,93). In these 
systems the products of genes V and VIII are made in very large 
amounts. In contrast to the other phage-specific polypeptides, 
they can also be detected easily in infected cells by conventional 
electrophoretic analysis on Polyacrylamide gels. The synthesis of 
gene III protein could only be demonstrated in cells which are 
heavily irradiated with U.V. light before infection (104) . In 
addition minor amounts of gene II- and gene IV-protein were 
found to be present in the membrane fraction of these irradiated 
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Table I 
Genes and gene products of bacteriophage M13. 
gene 
I 
II 
Ilia 
Illb 
IV 
V 
VI 
VII 
Villa 
ІІІЬ 
IX 
X 
nucleotides 
1044 
1230 
1272 
1218 
1278 
261 
336 
99 
219 
150 
96 
333 
amino 
acids 
348 
410 
424 
406 
426 
87 
112 
33 
73 
50 
32 
111 
mol.weight 
of protein 
39,500 
46,117 
44,748 
42,675 
45,791 
9,666 
12,264 
3,587 
7,622 
5,234 
3,654 
12,670 
physiological role 
morphogenesis 
DNA replication 
precursor of Illb 
adsorption complex 
morphogenesis 
single-stranded DNA synthesis 
minor capsid protein 
minor capsid protein 
precursor of VHIb 
major capsid protein 
minor capsid protein 
unknown 
cells (105,106). Either wild-type infected cells grown at 42 С 
or cells infected with a gene V amber mutant contain an unusual 
protein-complex which consists of the proteins encoded by genes 
II, VIII and X (60,94,106). In addition, small amounts of 
material with an electrophoretic mobility identical to that of 
gene III- and gene IV-protein were present within these complexes. 
With the aid of anti gene II-protein .IgG, the synthesis of gene 
II- and gene X-protein in wild-type infected cells has been de­
monstrated only very recently (94,94a). Because the identification 
of the phage-specific products among the bulk of gene products 
encoded by the host cell genome is greatly hampered, their syn­
thesis has also been studied in an in vivo system derived from 
minicells. After infection of the appropriate miniceli producing 
strain of E.aoli, minicells direct the synthesis of visible 
amounts of the proteins encoded by genes III, IV, V, VII, VIII, 
IX and X (23,49,94; chapter III). 
The capsid proteins encoded by genes III and VIII are syn­
thesized in a precursor form with leader sequences at their NH„-
terminal ends (92,102,107-109). These leader sequences are res­
pectively 18 and 2 3 amino acids long. They are split off by a 
20 
host-encoded peptidase which is found in the inner and outer 
membrane of the host (110). Mature gene VHI-protein is inserted 
into the inner membrane with its NH_-terminus directed outwards 
and its COOH-terminus directed inwards the cell. Extensive stu-
dies are now being made on this protein in order to get a better 
understanding on the way membrane proteins are synthesized and 
transported across the membrane (86,89,111-113). In contrast to 
gene III- and gene VHI-protein, the capsid proteins encoded by 
genes VI, VII and IX are not subject to proteolytic cleavage. 
They are packaged into the mature virions as their primary 
translational products (25). 
Biological properties 
With regard to the function of their encoded proteins, the 
Ff-phage genes can be divided into three contiguous gene clusters 
The first encompasses the genes coding for the capsid proteins. 
Mature gene VHI-protein is the major capsid protein. Mature 
gene Ill-protein plays a role during the adsorption process of 
the phage to the host cell. The capsid proteins encoded by genes 
VI, VII and IX are, in contrast to gene Ill-protein, indispen-
sible for phage particle morphogenesis (49,86). The second 
cluster consists of genes I and IV. The mechanism of action of 
their protein products is not yet clear, although there is 
evidence that they are involved in the phage assembly process(86). 
The third cluster consists of genes II, X and V. Gene II-
and gene V-protein play a key role during the replication cycle 
of the phage DNA. Gene II-protein is a specific endonuclease 
that cleaves RF-I at a unique site in the viral strand. Further-
more gene II-protein possesses a topoisomerase activity and is 
involved in initiation of unwinding of RF-II molecules and is 
responsible for circularization of displaced viral strands (75-
80). Finally, the NH^-terminal part of this protein is respons-
ible for the IP2 phenotype exhibited by Ff-phage infected cells 
(61,62). Synthesis of gene II-protein is initiated at two differ-
ent initiation codons (114). The first is used for 90% of the 
chains and the second, which is located three codons downstream, 
is used for 10%. It is not known whether these two proteins have 
different biological characteristics. Gene V-protein is a single-
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stranded DNA binding protein and is responsible for the transition 
of RF replication into the synthesis of viral single-strands. It 
furthermore has been suggested that gene V-protein represses 
the synthesis of gene II- and gene X-protein (60,94,943,115). The 
function of gene X-protein is still unknown. In this connection 
it is interesting to note that the genome of the isometric single-
stranded DNA phages, such as 0X174, codes for a polypeptide 
(A*-protein) that results from an m-phase translational start 
within gene A. Hence the A*-protein is identical to the COOH-
termmal end of Α-protein. The latter is required for specific 
cleavage and replication of 0X174 RF-I DNA (1,59), similar to 
what has been observed for the gene II-protein of Ff-phages. Such 
a close similarity between A and A* and the Ff-phage genes II 
and X may lend support to the proposal that the filamentous and 
isometric phages are related (12). The Ff-phage gene X-protein 
may be the counterpart of the 0X174 A*-protein. However, no 
significant nucleotide or amino acid sequence homology between 
these two genes has been detected (94). The 0X174 A*-protein is 
not fully characterized yet, but it has been reported that it 
plays a role in the transition from RF replication to single-
stranded DNA synthesis and is responsible for the shut-off of 
Е.аоЫ chromosome replication (116,117). 
Gene expression of the Ff phage genome. 
Transcription in vitro 
Most of our knowledge concerning the transcription process 
of the filamentous phage genome has been gained from in vitro 
studies. Similar to the transcription in vivo only the non-viral 
strand of the replicative form DNA is used as a template for 
transcription (118-125). RNA synthesis proceeds in a counter­
clockwise direction, with respect to the genetic map presented in 
Fig. 1 (92,93,101). In the absence of termination factor Rho, 
transcription in vitro results in the synthesis of a discrete 
number of RNAs which range in size from 370 nucleotides (8S) 
upto 5000 nucleotides (26S). In addition a heterogeneous mixture 
of RNAs with a size equivalent to or larger than one genome-
length is made (122-124,126,127). Edens et al. demonstrated 
that the genome is transcribed in vitro in a cascade like fashion 
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(123,126,127). This means that the synthesis of the RNA chains, 
initiated at different initiation sites, is terminated at a 
single (Дfro-independent) termination signal which is located 
immediately after gene VIII (122). 
As shown m Fig. 1, in front of almost all genes an RNA 
initiation site is located. Exceptions are genes VII and VIII. 
Within gene II two RNA initiation sites have been detected, one 
is located immediately in front of gene X and the other within 
its NH2-terminal region. The "smaller" RNAs, initiating at map 
positions 0.18, 0.12, 0.06, 0.99 and 0.92 start all with pppG. 
The RNAs initiated at map positions 0.64, 0.49 and 0.44 start 
with pppA (123,124), whereas the first nucleotide of the RNA 
initiating at 0.25 is pppU (128; chapter VII). The strength of 
the various RNA initiation sites has been measured by several 
independent methods (122,123,129). From these studies the overall 
picture emerges that the strength decreases in the order G-. ., > 
G0.18 » G0.92 > G0.99 * G0.12 f 0 r t h e " G" S l t e S a n d A0.64 > 
A0.49 * A0.44 f o r t h e " Л" S l t e s · 
The presence of purified Rho-protein during in vitro trans­
cription reactions has a dramatic effect on the sizes of the A-
and U-start RNAs (130,131). It has been suggested that a Rho-
dependent transcription termination signal is located at or 
beyond the 3'-end of gene IV (131). The existence of several 
other weak Rho-âependent termination signals could, however, not 
be excluded. For a more extensive coverage of the гп ъіго trans­
cription of the Ff-phage genome, the reader is referred to the 
Cold Spring Harbor monograph: "The Single-Stranded DNA Phages 
(131) . 
Transcription in vivo 
At the start of the investigations, described in this thesis, 
our view of the mechanisms which regulate the transcription 
process in the infected cell was less well documented. Initial­
ly, Hofschneider and coworkers studied the size distribution of 
the phage-specifie RNA species, present in cells infected with 
M13, by hybridization of fractionated RNA to M13 RF DNA (118). 
From these studies it could be concluded that in the infected 
cell at least some phage specific RNA species of different sizes 
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are made. Later, La Farina and Model studied the metabolism of 
phage f1 mRNA by in vitro translation of the RNA extracted from 
infected cells (132). Large amounts of gene V- and gene VIII-
protein and much smaller quantities of gene Ill-protem were syn­
thesized. The synthesis of other phage specific proteins could 
not be demonstrated. The data led them to conclude that the gene 
VHI-message has a biphasic half-life. One fraction had a half-
life of about ten minutes, whereas the other fraction had a half-
life of about two and a half minute. 
During the course of our study van Wezenbeek has cloned the 
in vitro detected RNA initiation sites into the promoter probe 
plasmid pBRH2 and studied their function in г о (115). From the 
results obtained it emerges that the DNA regions, encompassing 
the in vitro detected RNA initiation sites G
n 0_, G- Л/,, G. , 0 and 
u.y¿ U.Üb U.lo 
Α. ,. function as a promoter in vivo. With these type of experi­
ments it is, however, very difficult to deduce the presence of 
weak promoters since there exist ample evidence that, even when 
there is no compelling reason for assuming the existence of a 
promoter, inserted fragments can often activate RNA synthesis 
(115,133,134). It should furthermore be mentioned that the in­
serted fragments are withdrawn from their natural environment. 
This might change their secondary structure and their degree of 
supercoiling. Since recent work suggests that certain promoters 
are active only when the DNA is supercoiled one can imagine 
that relocation of such a promoter affects its initiation po­
tential (135). 
Translation 
A cascade like mechanism of transcription leads to a step­
wise gradient of transcriptional activity. Consequently, the gene 
V, VII, IX, VIII region is transcribed most abundantly whereas 
gene III is transcribed with the lowest frequency. One would ex­
pect therefore that the proteins encoded by genes V through VIII 
are synthesized in vitro in relatively large amounts. This indeed 
has been found for the proteins encoded by genes V and VIII, but 
not for the proteins encoded by genes VII and IX which are lo­
cated between gene V and VIII (92,93). These data indicate that 
the expression of the Ff-phage genome is not only regulated at 
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the transcriptional level, but also at the level of translation. 
This hypothesis is supported by the observation that gene VI-
protein has never been detected in vitro, although the protein 
products of the neighbouring genes have been identified. Recent 
protein studies and genetic complementation analysis with cloned 
restriction fragments of M13 RF have confirmed that the expres-
sion of genes VI, VII and IX is regulated at the translational 
level (136). It has been proposed that the initiation of trans-
lation of these genes is dependent on a rearrangement of ribo-
somes which have terminated translation at the proximal cistrons 
(136). 
In the absence of functional gene V-protein both gene II-
and gene X-protein are overproduced (94a). This is independent 
of any change in RF DNA copy number, transcription or mRNA 
degradation. These observations strongly suggest that gene V-
protein represses the synthesis of gene II- and gene X-protein 
at the level of translation. Hitherto, the mechanism for gene V-
protein to effect this control is not known yet. 
The aim of the present investigation. 
From the data discussed in the previous sections, it is 
clear that the expression of the Ff-phage genome in the infected 
cell is regulated and leads to the production of abundant amounts 
of gene VHI-protein, smaller amounts of gene V-protein, and 
substantionally smaller amounts of the other phage-specific poly-
peptides. In a coupled in vitro transcription translation system 
at least some of the regulatory potential is lost. With the aid 
of the cascade transcription model it is possible to explain 
a part of the diversity in gene expression. It furthermore can be 
deduced that in vivo transcription is much more complex. This con-
clusion is supported by data obtained from genetic studies which 
indicate that genes III, VI and I belong to an operon (137) 
whereas genes V, VII and IX form a second operon (49,95). Non-
sense mutations in gene III, VI, V or VII are polar on the ex-
pression of the genes located distal to it. This polarity has 
been explained by assuming that within an operon the protein 
products are translated from a polycistronic mRNA. The observation 
from in vitro transcription studies that in front of genes VI, I 
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and IX RNA-initiation sites are located is, however, in conflict 
with the operon model. Therefore, in order to get more insight 
into the mechanism by which the expression of the Ff-phage genome 
in the infected cell is regulated, we have tried to unravel the 
in vivo transcription process. The results of these investigations 
are described in chapters III through VII. 
In chapter II a brief survey is given of our present know-
ledge of the various stages of the transcription process. These 
stages include initiation, pausing, attenuation and termination 
of transcription as well as sequential folding and processing 
of the mRNA molecules. This survey intends to be an introduction 
to the subsequent chapters in which the location of promoters, 
pausing, termination and processing sites on the M13 genome are 
discussed. 
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CHAPTER II 
THE TRANSCRIPTION PROCESS 

THE TRANSCRIPTION PROCESS 
In E.ooli cells only one enzyme, the DNA-dependent RNA poly­
merase, is involved in the transcription of all genetic inform­
ation (1). It transfers predetermined sequences of monomenc 
units with high fidelity from the DNA template into RNA that, in 
general, functions as a template for translation. The enzyme has 
a molecular weight of about 500,000 and consists of four major 
subunits. These subunits are designated α,β,β' and σ, and are 
present in a molar ratio of 2:1:1:1 (2,3). This so colled holo-
enzyme can be dissociated into the core enzyme (012 ß ß') which 
performs the basic enzymatic steps and the σ subunit. 
Since at any given time only a small fraction of the coding 
potential is used,gene expression must be regulated either at 
the transcriptional level or posttranscriptionally (4,5). Trans­
cription is mainly controlled at the level of chain initiation, 
chain elongation rate and termination, whereas the sequential 
folding and processing of the RNA molecules also contributes to 
the diversity of gene expression. In the subsequent paragraphs 
a brief survey of some aspects of the transcription phenomenon is 
presented. 
Initiation of transaription. 
According to current models (6,7,8) the various steps in the 
initiation of RNA synthesis involve: (A) recognition and binding 
of RNA polymerase holoenzyme to a specific region of the DNA, 
which is located immediately upstream the RNA initiation site. 
This region is called: promoter. The σ subunit plays a key role 
during this specific recognition process (3,9). (B) Isomenzation 
of the thus formed "closed" complex into a stable "open" complex. 
During this transition the DNA helix partially unwinds and the 
strands are melted out over a region of about 12 base pairs to 
expose the template bases. (C) Triphosphate binding and phospho-
diester bond formation finally lead to a ternary elongation 
complex. At the time initiation is effectively complete the σ 
subunit dissociates from the elongation complex and core enzyme 
alone is able to elongate the nascent RNA chain. 
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The extent by which a transcription unit is expressed 
depends primarily upon the efficiency with which the promoter is 
utilized. This is mainly determined by its nucleotide sequence. 
In many cases, however, the nucleotide sequences in the direct 
vicinity of a promoter are targets for additional regulatory 
elements. Thus negatively or positively acting elements (e.g. 
repressor and activator proteins) can diminish or enhance pro­
moter activity. These superimposed regulatory mechanisms permit 
the cell to respond to environmental changes. Although they are 
very important this survey will focuss primarily upon the inter­
action of RNA polymerase with promoter sites, drawing no attention 
to modulation of this interaction by additional effectors. 
Although after binding the holoenzyme covers a region of 70 
to 80 base pairs (bp), proper RNA polymerase binding requires 
only 65 bp located from about 45 bp upstream to about 20 bp down­
stream the mRNA-initiation site (10-12). Comparison of the DNA 
sequences of a large number of E.ooli promoters has revealed that 
they share two regions of homology (1,8,13-15). One is centered 
around position -10 and the other around position -35 upstream 
from the mRNA start position (+1). The highest conserved sequence 
is a hexamer around the -10 position. This sequence, called 
Pnbnow-box and present in the non-codogenic DNA strand, is homo­
logous to the consensus sequence TATAAT. All promoters examined 
so far contain a Τ residue in the sixth position of this hexamer. 
The first two residues are also strongly conserved, while in the 
remaining positions more variation has been observed. In the -35 
region the sequence TTGACA is the most conserved one. This 
hexamer forms part of a stretch of 12 nucleotides in which ad­
ditional homology has been found. Some promoters, known to re­
quire additional factors for their function, show little or no 
homology to this consensus sequence. The conserved sequences 
usually are separated from each other by 17 bases. In some 
promoters this distance is one or two bases more and in others 
this distance is one base less. The fact that a further reduction 
of this distance by one base decreases the strength of the 
promoter (promoter down-mutation) suggests that there is an 
underlimit in the distance between the homologous regions (16,17). 
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Siebenlist et al. (8) noted the existence of a slightly preferred 
sequence around position -45. The discovery of a promoter down-
mutation with a deletion of one base between the -35 and -45 
regions, suggests that also in this situation a minimal distance 
is required (18,19). No homology has been found in the DNA se-
quence surrounding the chain-initiation site. In general this 
site is located 7 or 8 bases downstream the Pribnow-box (1,8,15, 
20). The importance of the homology regions is not only based 
upon an impressive number of well documented sequences, but there 
is also firm genetic evidence. Most point mutations that affect 
promoter activity fall within the defined regions at the -10 and 
-35 positions (2,8,14). Within the Pribnow-box almost all 
mutations cluster in the three most conserved positions, empha-
sizing the importance of these nucleotides. 
Quite different approaches for determining DNA regions 
essential for promoter function are protection and interfering 
experiments (8,21-23). In protection experiments RNA polymerase, 
bound to a promoter, suppresses chemical modification (i.e. me-
thylation, ethylation) of the DNA at the points of close contact. 
In interfering experiments, a previously modified nucleotide may 
interfere with the binding of the enzyme. This identifies the 
bases which are both essential for complex formation as well as 
for complex maintenance. By comparison of the contact points of 
RNA polymerase with two different (Lao UV5 and T7 A3) promoters, 
it appeared that the pattern of contacts was far more similar 
then the sequence homology would suggest (8). They lie around the 
mRNA start position, in the Pribnow-box, in the -16 region, in 
the -35 region and extend to position -44. Three dimensional 
models, displaying the polymerase contact points, show that the 
enzyme contacts both promoters homologous in space. Across the 
region from position -44 to -13 the polymerase interacts ex-
clusively with one side (front side) of the DNA molecule. In and 
downstream the Pribnow-box the polymerase contact points are 
found at the back side of the DNA molecule. However, in this 
region the DNA must unwind in order to expose the template bases. 
It has been demonstrated that RNA polymerase unwinds at least 
the region extending from position -9 to +2 or +3 (8,24). It has 
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been suggested that the contact points from position -44 to -13 
are recognized in the initial binding step when RNA polymerase 
touches down on the front side of the DNA molecule (closed com-
plex formation). This complex preceeds the local unwinding of 
the DNA. Simultaneous with the unwinding Pribnow-box contact 
points, not recognized initially, face to the front side of the 
DNA molecule. As a result these contact points become accessible 
to RNA polymerase and the "open" complex is formed (8). 
The time required for free enzyme and free promoter to com-
bine and to isomerize into a functional active complex is dif-
ferent for each promoter and varies from 10 seconds up to several 
minutes (14). Because promoters differ in sequence, the initiation 
frequency or promoter strength can be determined by the various 
steps of the initiation event (1,8,20,26). Recently, McClure has 
developed an assay in which RNA synthesis in vitro is restricted 
to the first two nucleotides (abortive initiation) (25) . With the 
aid of this assay the time required for "closed" complex form-
ation and the time required for isomerization of this complex 
into the catalytically active "open" complex can be measured 
separately. With this assay about 15 promoters have now been 
analysed (25,27). In addition, the strength of some mutated pro-
moters has been compared with that of the wild-type promoters. 
In general, the results are consistent with the assumption that 
the nucleotide sequence in the -35 region is primarily respons-
ible for the extent of the initial binding reaction. The inter-
action of bound enzyme with DNA in the Pribnow-box determines 
the rate of "open" complex formation. Some analyses, however, 
show that small effects on the isomerization rate can result from 
base pair differences in the -35 region (27). The finding that 
bases within this region are protected against chemical modifi-
cation, when RNA polymerase is bound in an "open" complex, also 
suggests that retention of -35 region contacts are important for 
the stability or function of the "open" complex (8). Moreover, 
it has been observed that some base alterations in the region 
between -40 and -12 do not affect the firm binding of RNA poly-
merase but do affect the ability to initiate transcription (28, 
29). Therefore it is likely that the majority of the -35 contacts 
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are required for "closed" complex formation, whereas the proper­
ties of the "open" complex are determined by contacts in the 
Pribnow-box and by a subset of the -35 contacts (27). A large 
number of promoters and promoter mutants, however, have to be 
tested in the abortive initiation assay in order to determine 
unambiguously the specific functions of the various parts of a 
promoter. 
Both in vivo and in vitro DNA - RNA polymerase complexes 
undergo an abortive initiation reaction involving the release of 
short oligonucleotides even in the presence of all four ribo-
nucleoside triphosphates (30-34). If the oligonucleotide is 
released, RNA polymerase can reinitiate RNA synthesis without 
dissociation from the template (recycling of RNA polymerase). 
In case the newly synthesized oligonucleotide is between 7 and 9 
nucleotides long abortive initiation is reduced and the rate of 
full-length transcript synthesis is increased (32). In this 
connection it is interesting to note that after the addition of 
the eighth or the ninth nucleotide σ factor releases from the 
RNA polymerase holoenzyme (35). These observations clearly in­
dicate that σ subunit is an initiation factor and that initiation 
is effectively complete after addition of the eighth or ninth 
nucleotide. This is supported by the observation that holoenzyme 
binds with high affinity to promoter sites and with low affinity 
to non-promoter sites, whereas core enzyme alone binds in a 
nonspecific manner to all sites on the DNA. 
Recent studies suggest that certain promoters only are ac­
tive in case the DNA is supercoiled (reviewed in 36). The sim­
plest explanation appears to be that the enzyme can more easily 
"enter" negatively supercoiled DNA because it is already partial­
ly unwound. It has been proposed that topoisomerases such as 
DNA-gyrase and topoisomerase I, which introduce negative super-
coils into DNA, might act at special sites in the chromosome. 
These sites, therefore, may indirectly regulate the strength of 
many different promoters located at a relatively long distance. 
Sequential folding of the RNA. 
After initiation, RNA chains are elongated during the move­
ment of RNA polymerase along the DNA. Template encoded ribonu-
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cleotides are polymerized at a rate of 20-50 nucleotides per 
second. During elongation secondary structures are formed within 
the RNA molecule. These structures exist in a state of dynamic 
equilibrium. When initially a secondary structure has been formed 
it might be replaced by a more stable structure made possible by 
chain extension. Thus growing RNA chains fold sequentially usual-
ly keeping the stable close-range interactions and rearranging 
the long-range interactions (37-41). Specific proteins may stabi-
lize existing structures or may cause structural changes in the 
RNA molecule. Translating ribosomes disrupt or prevent the form-
ation of secondary structures. In case the translation frequency 
is low the folding process of mRNA, after passage of a ribosome, 
may mimic the RNA folding after transcription. The rules govern-
ing secondary structure formation are, however, not completely 
understood yet. 
Rapidly formed secondary structures might aid in preventing 
degradation of RNA molecules. They can interfere with the binding 
of ribosomes to translation initiation sites and so regulating 
the level of gene expression (40-45, this thesis). They can also 
bring together, in a proper alignment, sequences that form pro-
cessing signals (39). Finally, RNA folding plays a key role 
during pausing, attenuation and termination of transcription 
(see following paragraphs). 
RNA processing. 
The primary transcription products of prokaryotic genes are 
frequently not identical to the RNA molecules which express their 
biological function. All the ribosomal RNAs and transfer RNAs as 
well as a few of the messenger RNAs of E.aoli and its bacterio-
phages differ from their primary transcription products in one 
or more aspects. To generate secondary transcription products 
several types of RNA maturation (or processing) reactions are 
known in E.aoli. During these processing events specific endo-
nucleases introduce cuts into growing RNA chains (46-5 3). At 
present, while the gross features of rRNA and tRNA processing are 
emerging, our knowledge about mRNA processing is very minimal. 
The area of rRNA and tRNA processing is covered by a number of 
recent review articles (54-59). Considering the material discuss-
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ed therein the following conclusions can be made. 
- Transcription is independent of processing. 
- Primary processing occurs, generally, during transcription. 
- Most transcripts are processed by more than one endoribo-
nuclease. 
- The four enzymes responsible for most of the endonucleolytic 
processing events in E.eoli are RNase III, E, F and P. RNase 
D is one of the most important exonucleases. 
- The enzymes are highly specific and each performs a unique 
function. Their recognition sites are composed of unique com-
binations of relatively simple yet distinctive features of 
secondary and tertiary structures. 
- The efficiency, but not the specificity, of processing is 
affected by the size of the substrate. 
- Some flexibility exists in the order of initial processing 
events, but the final steps are preserved. 
The first evidence for processing of messenger RNA in 
prokaryotes came from a phage rather than a host system. Although 
the expression of many genes is altered in cells defective in 
one or more processing enzymes (60), so far no host mRNA has been 
described whose biological activity is absolutely dependent on 
a processing event. It is therefore more likely that mRNA proces-
sing regulates the level of expression of a number of protein 
coding genes. For instance, both RNase III and RNase E have been 
found to be required for full expression of the laa Operon in 
case E.aoli cells are grown at elevated temperatures (60). Further-
more cells lacking the RNase III activity are non-motile because 
they are defective in the production of flagella (61). Hitherto 
it is, however, not clear whether the observed alteration of gene 
expression is a direct consequence of the failure to process 
specific messenger RNAs or that these observations are due to 
some indirect effect exhibited by the missing endonucleolytic 
activity. The first clear cut evidence for the processing of 
E.aoli encoded mRNA came from the observation that the message 
transcribed from the rpJL - rpoBC operon, which encodes the 
ribosomal proteins LIO and L7/12 and the RNA polymerase subunits 
5 and 8', is cleaved by RNase III (62). The cleavage site is 
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located in the rpL - rpoB intercistronic region and, similar to 
the RNase III processing signals present in the ribosomal RNA 
precursors, the sequence within this region can be depicted into 
a stem and loop structure (63). The effect of endonucleolytic 
cleavage on the efficiency of mRNA translation has not been es­
tablished yet. 
The most thoroughly studied example of mRNA processing is 
that found during the expression of the early region of bacterio­
phage T7. This region, whose nucleotide sequence is known (64), 
is transcribed Ъу E.aoli RNA polymerase from three promoters 
located near one end of the T7 DNA molecule. The three overlap­
ping primary transcripts are cleaved by RNase III at five differ­
ent sites, each located within an intercistronic region (46). 
These cleavages result into the generation of five mature mRNAs. 
In addition, three overlapping RNA fragments (leader RNAs) are 
formed which correspond to the regions between each promoter and 
the first RNase III cut. The rationale for T7 mRNA processing is 
not fully understood. It has been noted, however, that in the 
absence of RNase III the gene 0.3 message is poorly translated 
(65). This has been attributed to sequences surrounding the 0.3 
gene initiation codon which can base pair with complementary 
sequences present in the preceding leader RNA. RNase III cleavage 
between the leader and the 0.3 gene mRNA relieves normal trans­
lation efficiency of the latter mRNA (66). 
The RNase III sensitive hairpin structure between gene 
cluster 1.1/1.2 and gene 1.3 is unique in that it contains two 
RNase III cleavage sites which are separated by only 29 bases 
(67). They lie opposite to each other in the postulated hairpin. 
Primary cleavage occurs in vivo in the 3' half of the hairpin 
whereas in vitro cleavage occurs at both sites (68). Consequently, 
the preceding secondary transcript can assume two forms; a larger 
one and a smaller one. These mRNAs possess the codogenic inform­
ation for two proteins, the gene 1.1 protein and the gene 1.2 
protein. The small RNA expresses these genes, whereas the larger 
form is inactive. It has been demonstrated that the extra 29 
nucleotides at the 3' terminal end play a major regulatory role 
because they are extensively complementary to the ribosome binding 
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site of gene 1.1(45). Consequently, this ribosome binding site is 
sequestered within a double stranded region. Since nbosomes can 
bind only to ribosome bindings sites in an open conformation, 
translation of gene 1.1 cannot be initiated on the larger mRNA 
(42,43). The ribosome binding site of gene 1.2 is located within 
the coding sequence of gene 1.1 and can form another stable hair-
pin structure that masks the gene 1.2 ribosome binding site. 
Consequently, nbosomes cannot use the gene 1.2 initiation site 
unless the hairpin is dissociated by nbosomes translating the 
gene 1.1 message. Alternatively, the same ribosome may trans-
late the bicistronic mRNA sequentially, as suggested for several 
opérons (69-71), since the stopcodon of gene 1.1 and the start 
codon of gene 1.2 are separated by only one nucleotide. Thus the 
expression of both gene 1.1 and gene 1.2 is regulated by RNase 
III cleavage at the 3' end of its message. 
Leftward transcription of induced prophage lambda starts 
at a promoter in front of the N gene. In the presence of N gene 
product, it reads through the transcription termination signal 
TL to form a very long transcript (72). RNase III cleavage re-
leases the N gene message from these long leftward transcripts 
(73). After cleavage, the N gene message is very rapidly degraded 
whereas the other part of the RNA decays at a much slower rate 
(74,75). In RNase III- hosts the entire transcript decays at a 
slow rate. Rapid turnover of N gene mRNA is one factor which, 
coupled with the lability of N-protein, controls lambda gene 
expression by making leftward transcription dependent upon con-
tinued transcription of the N gene. 
RNase III participates also in the synthesis of the lambda 
int gene protein although the precise mode of action is not 
fully understood (76,77). Translation of the int gene message is 
inhibited by the interaction of downstream nucleotides with 
nucleotides in the int region. It has been suggested that these 
interactions prevent the loading of nbosomes at the ribosome 
binding site of the int gene. Most probably these interactions 
also create an RNase III cleavage site. After RNase III cleavage 
degradation of the int message follows very rapidly in the 3' to 
5' direction and no int gene protein synthesis can be detected 
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anymore. 
RNA polymerase pause sites. 
Transcriptional pause sites are numerous and distributed 
throughout every genome (78-80). They are not confined to inter-
genic regions and are heterogeneous as judged by their differ-
ences in efficiency by which they cause pausing of RNA polymerase. 
Pause sites are associated with (short) GC-rich regions of the 
template located about 8 nucleotides upstream from the pause site. 
Since nascent RNA chains need to be dissociated from the DNA 
template by RNA polymerase during the course of transcription, it 
seems plausible to assume that formation of a very stable RNA-DNA 
hybrid slows or stops the elongation process (81). RNA polymerase 
can also pause at sites that contain inverted sequences located 
7-9 bases upstream from the 3'-OH terminus of the paused trans-
cript (14). In addition, there may be other DNA sequences that 
dictate transcriptional pausing (80). 
Any operon or gene that is transcribed at a high frequency 
will be very sensitive to pausing of RNA polymerase. For instance, 
nbosomal RNA opérons produce a full length transcript every 
second. It has been demonstrated that during -in vitro transcript-
ion of its leader regions RNA polymerase pauses at several sites 
(82). Similar pauses under in vivo conditions would dramatically 
reduce the rate of rRNA synthesis. Hence these sites might have 
a potentially large regulatory effect in vivo. In the presence of 
various regulatory factors the respond of RNA polymerase to 
pausing events is quite different (82-85). As will be described 
in the following paragraphs, pausing is a prerequisite for Rho-
independent (87), and Дйо-dependent (83) transcription termination 
events as well as for processes such as attenuation (88) and anti-
termination (85) . 
Rho—independent termination of transcription. 
The general features of Rho-independent termination sites 
are now being clarified (87,89,90). Terminators of this type 
exhibit two striking features: a GC-rich region of dyad symmetry 
immediately preceding the termination site and a stretch of A-
residues located near the 3'-end of the site of termination (91). 
At the time RNA polymerase reaches its termination position the 
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RNA is still hydrogen-bonded to the DNA template. Formation of 
the stem and loop structure in the RNA molecule impeeds poly-
merase movement. In addition, it displaces the transcript from 
the template except for the terminal rU-dA stretch. Hairpin 
formation also restores the potential of the DNA helix to re-
anneal almost completely. It has been suggested that hairpin 
formation and DNA reannealing shifts the RNA polymerase from the 
"elongation" configuration into a "termination" configuration. 
The resulting rU-dA hybrids are exceptionally unstable and con-
sequently the transcript is displaced by competition with the 
non-template DNA strand (92). Finally the termination complex 
is dissociated by release of RNA polymerase and of the newly 
synthesized RNA molecule. 
The efficiency of chain termination is determined both by 
the stability of the hairpin structure as well as by the number 
of U residues located near the 3'-terminus of the paused tran-
script (87,89,92,93). Weakening the stability of the stem struc-
ture (and consequently decreasing its formation rate) or en-
hancing the strength of the RNA-DNA interactions within the rU-dA 
rich region (by using base analogues, lower temperatures or 
introducing sequence alterations) results in a decrease of the 
efficiency of termination. Therefore both RNA-RNA as well as 
RNA-DNA interactions appear to play a key role during Rho-in-
dependent termination of transcription. 
Gene regulation by attenuation. 
Attenuation is a control mechanism for finely tuning the 
expression of several opérons (88,94,95). It was first proposed 
for the his Operon, but it were the studies on the trp operon 
that revealed the remarkable mechanism by which this control is 
exerted. Attenuation reduces the expression of distal genes as a 
consequence of transcription termination. The extent of terminat-
ion can be modulated in respond to various factors in the cell. 
The attenuator itself consists of a structure which resembles a 
/ffco-independent transcription termination signal. Termination 
(and so distal gene expression) is regulated by allowing or 
preventing the formation of the stem and loop structure in the 
growing RNA chain which impeeds polymerase movement and induces 
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Fig. 1. The trp leader region showing regions of symmetry (===== 
protector stem; +++++ pre-emptor stem; xxxxx terminator stem). 
termination of transcription (Fig. 1, Terminator). Preceding the 
terminator several other stem and loop structures can be formed 
within the RNA (Fig. 1). Any two adjacent structures are mutually 
exclusive. If the structure overlapping the terminator (pre-
emptor) is allowed to form, then it will prevent the formation 
of the terminator hairpin. This allows transcription to con­
tinue through the operon. The pre-emptor is overlapped by yet 
another stem and loop. If this structure, which is called pro­
tector, is formed it prevents formation of the pre-emptor and 
in the meantime it allows the formation of the termination signal. 
Upon transcription the protector will always be formed first 
unless it is interferred by ribosomes. 
The involvement of translation in attenuation was demonstr­
ated by the discovery of a ribosome binding site near the begin­
ning of the leader message within which is a translation initi-
ation-codon, AUG, at position 27-29 (position 1 being the first 
nucleotide of the message, Fig. 1). Two tryptophan codons occur 
at position 54-59 and they are followed by a stopcodon, UGA, at 
position 69-71. Proof that this small leader peptide in vivo is 
synthesized, has been obtained by fusing the trp leader sequence 
to either the laal or trpE gene so that the respective products 
of these structural genes were made using the translation ini­
tiation region of the leader peptide (96,97). Complete translation 
of the leader sequence prevents the formation of both the pro­
tector as well as the pre-emptor. This is due to the position of 
the ribosomes on the leader mRNA. Since the terminator is free 
to form now, termination of transcription will occur. On the 
other hand, a ribosome stalls at the tandem tvp codons in case 
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there is a deficiency for tryptophanyl-tRNA . This prevents 
the formation of the protector hairpin, permits formation of the 
pre-emptor hairpin and thus precludes formation of the terminator. 
Under these circumstances, RNA-polymerase transcribes through the 
attenuator into the structural genes of the Operon. This, in 
turn, induces the synthesis of the gene products involved in the 
biosynthesis of tryptophan. Under conditions were translation is 
absent or inefficient, due to starvation with other amino acids, 
protector and terminator are formed. This explains why efficient 
termination is observed in vitro or if one of the other amino 
acids, which are specified early in the leader peptide, is limit-
ing (88). Attenuation requires a direct coupling between tran-
scription and translation. This coupling is achieved by pausing 
of RNA polymerase at the end of the protector hairpin (78,88). 
The above described mechanism of gene regulation appears to be 
very similar for a number of opérons involved in amino acid 
biosynthesis (88,89,95). 
Attenuation is also involved in the regulation of expression 
of other types of E.ooli opérons. For instance, an attenuator-
like structure is found in front of the chromosomal ß-lactamase 
gene (amp C) which is responsible for the resistance of the cell 
against penicillins, including ampicillin (98). In the rpJL -
rpoBC operon, which encodes the ribosomal proteins LIO and L7/12 
and the RNA polymerase subunits g and ß', an attenuator is found 
in the rpL - rpoB intercistronic region (62). It is not clear 
yet what features modulate the extent of termination in these 
opérons. It is noteworthy that the latter attenuator is located 
in an intercistronic region rather than in a 5' leader region of 
the mRNA. Furthermore, the site of attenuation is located near a 
region which contains an RNase III processing signal (62). A 
similar organization of termination- and RNase III processing 
signals is found at the end of the N gene of bacteriophage lambda 
(72-75). Termination or attenuation followed by endonucleolytic 
cleavage in intercistronic spacers might be important for the 
maintenance of complex transcription and posttranscriptional 
regulatory patterns. It could, for instance, ensure that the size 
of the message produced from the preceding genome area will remain 
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the same whether or not termination of transcription takes place. 
Kho-dependent termination of transeription. 
Termination of transcription can occur at special sites on 
the DNA template without the involvement of other factors then 
RNA polymerase. At other sites, however, termination and release 
of RNA depends on the presence of a protein, known as Rho-factor 
(99). From many different studies it has been concluded that 
these sites are related to those regions of the DNA template 
where RNA polymerase pauses (89,91,100). Not all pause sites are, 
however, flfto-dependent termination sites. Termination of RNA 
synthesis by the action of Rho is a complex process which is 
still poorly understood. 
Several lines of evidence suggest that Rho attaches to 
"naked" RNA and moves along the RNA chain, into the 5' to 3' 
direction, towards the transcription complex (91). Hydrolysis 
of nucleoside triphosphates provides the energy for this movement 
(83) . It has been observed that active i?Tzo-protein consists of 
six identical subunits having alternating affinities for "naked" 
RNA (101). Based upon these observations a model has been proposed 
in which ATP induces the wrapping of RNA around Rho-protein, re-
sulting in a movement of Rho towards the 3'-end of the RNA. If 
it meets RNA polymerase, pausing at a particular site, it reacts 
with the enzyme and induces the release of the RNA chain (102). 
The initial interaction of .ffTzo-factor with RNA may be very im-
portant in determining the specificity of .ffTzomediated termination. 
Thus far, only one mRNA is known to which it binds at a specific 
sequence (103). This sequence is about 15 ribonucleotides long 
and is located 180 residues from the 3'end of the so called oro 
mRNA of bacteriophage lambda. 
It is clear that factors interfering with Rho attachment or 
movement, like 'particular RNA secondary structures or the pre-
sence of ribosomes on the RNA template, will inhibit the termin-
ation event (91). Based upon these phenomena a detailed model has 
been proposed that accounts for polarity observed among the genes 
of several operons(91). In this model, polarity is caused by a 
Äfco-induced premature transcription termination event at a site 
distal to an amber translation termination code«. The model is supported 
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by the existence of a class of mutations, called polarity suppres-
sors, which relieve the polar effect (that is, they restore dis-
tal gene expression) without restoring translation of the mutant 
gene. Several of these mutations have been shown to affect 
termination factor Rho (104-106). The model is also supported by 
the fact that in a number of opérons transcription гп vitro has 
revealed sites of transcription termination that appear to be 
dependent on Pho (89,91,107). The relief of polarity by an anti-
termination factor (see following paragraph) furthermore supports 
the suggestion that polarity is primarily due to premature ter­
mination of transcription (108). 
Spotting .fffto-dependent terminators from sequence data is 
more difficult than spotting Rho-independent ones. Only a few of 
such sites have been sequenced now. They do not display many 
common features in their structures. Furthermore a number of 
previously published data need to be re-evaluated in the light 
of the recent findings that RNA polymerase often pauses at 
specific sites during RNA synthesis without termination of 
transcription. Such a pause site mimics a termination event m 
experiments that rely on quantitation of the amount of RNA or 
protein produced from different parts of the genome. Rho-
dependent termination sites are rich in A and Τ but lack the 
stretch of contiguous A-residues, characteristic for independent 
ones (89,107,109-111). It is less straightforward to determine 
whether Яйо-dependent terminators require the familiar region of 
dyad symmetry that generates transcriptional pausing at Rho-i-n-
dependent sites. While the lambda T R 1 terminator contains a hair­
pin structure that appears to be critical, other sites are con­
siderably less clear on this point. Another feature that distin­
guishes Дйо-dependent termination sites is that of sequence 
specificity. The terminator at the end of the tyrT locus and the 
lambda T R 1 terminator contain the sequence CAATCAA whereas the 
lambda T Ro site contains the related sequence ATCAACAA (111,112). 
At the 3'end of the tyrT locus a sequence of 177 base pairs has 
been found that is repeated three times. The synthesis of the 
majority of transcripts is terminated in the second repeat. The 
first repeat, which does not appear to contain a termination site, 
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differs from the second repeat by one base in the "termination 
sequence" (CAATTAA instead of CAATCAA)(113). In the presence of 
a temperature sensitive Mo-protein and at non-permissive 
conditions, the synthesis of the majority of RNA chains is ter­
minated in the third repeat and at several other sites which are 
located even further downstream. The latter sites contain the 
sequence TAATCAA (113). Regions with dyad symmetry are located 
approximately 50 base pairs upstream the tyrT termination sites 
(111). It has been suggested that such regions in front of Rho-
dependent termination sites may serve as transcriptional pause 
sites and/or as recognition sites for the entrance of Дйо-protein 
and/or other regulatory factors (111). 
In wild-type cells RNA synthesis at the end of the trypto­
phan operon is terminated attrpt. The terminated transcripts 
possess the 3'-terminal sequence CAUUU-^, which is immediately 
υπ 
preceded by a GC-rich region of dyad symmetry (114,115). In the 
presence of a mutated Дйо-protein moderate levels of read-through 
transcription can be detected (114). In vitro, however, termination 
of transcription at trp t is only 25% efficient and is not affect­
ed by Rho (89,116). It has been observed that about 250 nucleo­
tides distal to trp t another termination site (trp t') is 
located (89). In vitro transcription studies revealed that termin­
ation at this site is completely dependent on the presence of 
Äfco-protein (89,116). Deletion of the trp t' region disrupts 
termination at trp t in vivo (89). Therefore it appears that the 
termination event at the end of the tryptophan operon requires 
the (ДАо-dependent) interaction between trp t and trp t'. The 
mode of action and interaction of these in tandem termination 
regions is not yet understood. 
Considering the data discussed, it can be concluded that 
if^o-dependent terminators must be considered as a different class 
from the i?7zo-independent ones. Yet among the few sites that have 
been characterized there is little resemblance. The signals 
specifying Дйо-dependent termination form still a mystery. Fur­
thermore, the mode of action (and possible interaction) of tandem 
terminators in the trp operon and the tyrH gene-cluster is equal­
ly inexplicable (89, 111) . It can only be surmized that for a proper 
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termination event additional factors are required which recognize 
signals m the template different from those seen at Pho-in-
dependent sites. 
Other factors involved in transcription termination. 
N-protein, which is specified by phage lambda, is an anti-
termmation factor (85,116). It prevents transcription termination 
and needs nut {N-utilization) sites in the DNA or RNA for proper 
action. Some of these nut sites have been characterized. Their 
sequence is almost identical and each consists of about 15 base 
pairs which, m theory, can form a weakly bonded 5 bp-stem and a 
loop of 5 nucleotides. The presence of such a site upstream from 
a termination site is necessary and sufficient for N-protein to 
anti-terminate transcription (118-119). it causes RNA polymerase 
to read through many terminators in a row. N-protein alone is, 
however, unable to prevent transcription termination in a re­
action mixture which only contains DNA, RNA polymerase and Apo­
protein (117). This observation has led to the identification of 
an important class of host genes, the nusA, nusB and nusE loci 
(Λ utilization substance), which are required for N-mediated 
anti-termination (120,121). Hitherto, only the nusA protein 
product (also referred as L-factor) (122) has been characterized. 
It has been observed that nwsA-protein enhances the specificity 
and sensitivity of several Дйо-dependent termination sites (89). 
In the absence of Rho it causes RNA polymerase to pause for 15 
m m at the lambda TR2 terminator. Release of the RNA chain re­
quires a low concentration of ЛАо-protein, a concentration which 
is inefficient in the absence of nusA (117). From these studies 
it has been inferred that nusA also acts as a termination factor 
(123) . 
An attractive model which accounts for these findings is 
that nusA-protein attaches to the RNA polymerase - DNA complex 
and serves to mediate interactions with both termination and 
anti-termination factors (117). This model is based upon the 
observation that nusA binds specifically to the anti-termination 
factor N of phage lambda (121). Furthermore it binds directly 
to RNA polymerase core enzyme bot not to holoenzyme. When bound 
to core enzyme it can be displaced stoichiometrically by sigma 
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factor (124). If termination requires a change in configuration 
of the complex consisting of RNA polymerase plus пмзА-protein, a 
simple way to prevent termination would be to block this iso-
merization step. It has been suggested that this is achieved at 
the nut sites. As the latter are regions of dyad symmetry RNA 
polymerase, pausing at a nut mRNA hairpin, could be susceptible 
to "loading" of N-protein via nusA-protem (118,119). This bin­
ding could fix the transcription complex into an elongation 
configuration. 
The N-protein only stimulates the expression of lambda genes. 
Related phages have their own "N-like" proteins. Although at 
present there is no clear cut evidence that E.coli also possesses 
its own anti-termination factors, it is very well possible that 
similar mechanisms regulate the expression of several E.aoli 
genes. For instance, it is still unknown why the nbosomal RNA 
opérons, which are not translated and whose transcripts possess 
a high degree of secondary structure, do not exhibit premature 
termination of transcription. In case E.aoli cells are starved 
for amino acids there is a rapid and substantional decrease in 
the synthesis of rRNA, tRNA and other components of the trans-
lational apparatus(stringent response). Concomitantly guanosine 
tetraphosphate (ppGpp) accumulates in the cell (125). This 
nucleotide plays a regulatory role during the stringent response. 
Early in vitro transcription studies have led to the theory that 
ppGpp inhibits rRNA synthesis at the level of promoter binding 
(86, 124). Recent studies indicate that rRNA synthesis is also 
regulated by ppGpp at other stages than promoter binding. It 
has, for example, been demonstrated that ppGpp induces sequence-
specific pausing of RNA polymerase (82,84). ffwsA-protein en-
hances pausing at these sites. In addition, the leader regions 
of the rRNA opérons contain several other types of potential 
regulatory elements which might influence RNA chain elongation. 
It has been demonstrated that 260 bp distal to the Pi promoter 
a termination site is located (84). At this site termination 
in vitro is dependent on nusA-protem and is enhanced by ppGpp. 
The nucleotide sequence at this site shows a striking homology 
to the trp t' terminator which also is affected by пмеА-protein 
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(89). In contrast to trp t ' , however, termination of transcript-
ion in the leader region of rRNA opérons seems to be unaffected 
by Rho-proteln (84). To achieve full length ribosomal RNA tran-
scripts it might be that -in vivo, similar to what has been observed 
in the lambda system, a host-encoded anti-termination factor 
interacts with the nusA - RNA polymerase complex at a specific 
site in the beginning of the rRNA Operon and locks the complex 
into an elongation configuration. If this putative anti-termin-
ation factor is antagonized by ppGpp then rRNA synthesis de-
creases immediately during the stringent response (e.g. ppGpp 
accumulation). 
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SYNTHESIS OF PHAGE-SPECIFIC RNA AND PROTEIN IN MINICELLS 
ABSTRACT 
I t i s d e m o n s t r a t e d t h a t a f t e r i n f e c t i o n o f t h e a p p r o p r i a t e 
m i m c e l l - p r o d u c i n g s t r a i n o f Esoherickia coli w i t h t h e f i l a m e n t o u s 
b a c t e r i o p h a g e M13, i t s r e p l i c a t i v e fo rm DNA i s s e g r e g a t e d i n t o 
m i n i c e l l s . C o n s e q u e n t l y t h e s e m i n i c e l l s h a v e a c q u i r e d t h e c a p a b i -
l i t y t o d i r e c t t h e s y n t h e s i s o f p h a g e - s p e c i f i c RNA and p r o t e i n . 
C o m p a r i s o n o f t h e e l e c t r o p h o r e t i c m o b i l i t i e s of p h a g e - s p e c i f i c 
RNA s p e c i e s made in vitro w i t h t h o s e made i n M13 r e p l i c a t i v e form 
DNA h a r b o u r i n g m i n i c e l l s , h a v e i n d i c a t e d t h a t a l m o s t a l l in vitro 
s y n t h e s i z e d G - s t a r t RNAs h a v e an e q u i v a l e n t among t h e in vivo 
s y n t h e s i z e d RNA p r o d u c t s . F u r t h e r m o r e i t c o u l d b e d e m o n s t r a t e d 
t h a t i n M13 r e p l i c a t i v e form DNA h a r b o u r i n g m i n i c e l l s t h e p h a g e -
s p e c i f i c p r o t e i n s e n c o d e d by g e n e s I I I , IV, V and V I I I a r e made . 
I n a d d i t i o n t h e s y n t h e s i s o f a p h a g e - s p e c i f i c p o l y p e p t i d e ( m o l e -
c u l a r w e i g h t a p p r o x . 3000) c o - m i g r a t i n g w i t h t h e r e c e n t l y d i s -
c o v e r e d c a p s i d p r o t e i n ( d e s i g n a t e d C - p r o t e i n ) c o u l d b e d e m o n s t r a t -
e d . The m e a n i n g o f t h e s e r e s u l t s f o r t h e r e s o l u t i o n o f t h e 
r e g u l a t o r y mechanisms o p e r a t i v e d u r i n g t h e l i f e c y c l e of t h i s 
p h a g e w i l l b e d i s c u s s e d . 
INTRODUCTION 
B a c t e r i o p h a g e M13, a m a l e - s p e c i f i c f i l a m e n t o u s b a c t e r i o p h a g e 
o f Escherichia coli i s composed o f a c i r c u l a r s i n g l e - s t r a n d e d DNA 
m o l e c u l e ( m o l . w t . a p p r o x . 2 - 1 0 6 ) i n a c a p s i d o f a b o u t 2000 p r o -
t e i n m o l e c u l e s e n c o d e d by g e n e V I I I , 2 - 3 p r o t e i n m o l e c u l e s s p e -
c i f i e d by g e n e I I I a n d a few m o l e c u l e s of a s m a l l p r o t e i n , d e -
s i g n a t e d C - p r o t e i n ( m o l . w t . a p p r o x . 3 0 0 0 ) , t h e g e n e t i c o r i g i n of 
w h i c h i s s t i l l unknown ( f o r r e v i e w s , s e e r e f s . 1 and 2 ; S imons ,G. , 
Abbreviations: RF, double-stranded r e p l i c a t i v e form DNA; RF-I, RF in which 
both s t rands are covalent ly closed c i r c l e s ; RF-II , c i r c u l a r RF containing one 
or more s ing le - s t r anded breaks ; M13+ m i n i c e l l s , m in ice l l s produced by M13-
infec ted c e l l s ( s t r a i n N3026), M13" m i n i c e l l s , m in i ce l l s produced by non-
infec ted c e l l s ( s t r a i n N3026). 
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Konings, R. and Schoenmakers, J., unpublished results; Webster, 
R. and Königsberg, W., personal communications). The DNA of this 
phage contains nine genes which have been ordered into a genetic 
map (3-5) . 
Filamentous bacteriophages are unique coliphages in that 
they do not lyse nor kill their host cells. During infection a 
fine balance is maintained between host and phage functions. 
Whenever this balance is disturbed, as by dysfunction of any 
phage-encoded protein other than the protein encoded by gene II, 
cell death follows. If the balance is properly maintained, both 
host and phage can co-exist infinitely and progeny phages are 
extruded continuously through the host cell membrane. 
The aim of our current investigation is to study the 
regulation of gene expression in bacteriophage M13 DNA in vivo. 
One of the main difficulties thereby is that during the infection 
cycle no shut-off of the synthesis of host-specific RNA and pro-
tein occurs. Consequently, an unambiguous identification and 
characterization of the phage-specific products among the bulk 
of gene products encoded by the host cell genome is almost im-
possible. To circumvent these difficulties Henry and Pratt (6) 
applied ultraviolet irradiation in order to suppress host-speci-
fic RNA and protein synthesis. Since the results obtained very 
likely do not reflect the situation as it is found in the non-
irradiated cells and since this technique proved to be only 
partially applicable for a proper identification and character-
ization of the products encoded by the M13 genome, we have de-
veloped another-in vivo system, namely from minicells. 
Minicells are small DNA-deficient non-growing bodies pro-
duced by aberrant cell divisions at the polar ends of rod-shaped 
bacteria; as such they are enucleate or DNA deficient and approx-
imately spherical in shape. Their size is about one tenth the 
size of whole cells (for a review, see ref. 7). In case the 
parent strain harbours a plasmid, the plasmid is segregated into 
the minicells and these then are capable of synthesizing plasmid-
specific RNA and protein. When the parent strain is plasmid free, 
the minicells lack DNA and are incapable of RNA synthesis (8,9). 
The efficiency of segregation of the plasmid DNA into the mini-
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cell is dependent on the type of plasmid under study, e.g. the 
conjugative F-plasmid segregates at a much lower frequency into 
minicells than most other plasmids. Since phage M13 neither lyses 
nor kills its host cell, its replicative form DNA can be con-
sidered as a non-conjugative plasmid-like extrachromosomal 
element. Therefore, it might be able to segregate efficiently 
into minicells. 
MATERIALS AND METHODS 
Baaterial strains and baater-iophages. 
The genotypes and sources of the E.coli strains used in this 
study are listed in Table I. 
Bacteriophage M13 wild-type was obtained from Dr.P.H.Hofschneider. 
Table I 
Bacterial strains 
Strain 
P678-54 
N3026 
N3020 
N3009 
N1008 
PL0668 
Plasmid 
F 
Ciò DF13 
Clo DF13-rep 3 
F + Clo DF13 . 
F 
Chromosome genotype Source Reference 
thr j ara , leu , azi, 
ton A}lac ^¡тгп Л, 
gal",тгп В} mal А, 
xyl~,mtV,strT,thï~ 
str 
н.J.J.Nijkamp 10 
P.Andreoli and P678-54 X PL-
H.J.J.Nijkamp 
H.J.J.Nijkamp 
H. J. J. Ni j kamp 
H.J.J.Nijkamp 
H.J.J.Nijkamp 
0668 
11 
12 
12 
11 
The M13 amber mutants (am3-H5, am4-H38, am5-H3, and am8-Hl), the 
isolation and characterization of which have been described (6, 
13-17), were a gift from Dr. D. Pratt. 
Media and buffer solutions. 
The compositions of brain heart infusion-medium and -agar 
have been described (18). Minimal medium contained: 0.3% КНгРОі* · 
2H20, 0.7% NazHPOit- 2H20, 0.1% NHi^Cl, 0.05% NaCl, 0.0015% СаСІг, 
0.025% MgSOi*, 0.009% FeCl э * бНгО and 0.2% glucose. If not indi­
cated otherwise this medium was supplemented with 40 yg/ml each of 
the 20 L-amino acids, 20 yg/ml each of the four ribonucleosides 
and 1 yg/ml thiamine. The following buffer solutions were used: 
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Buffer I, 0.15 M NaCl/0.015 M trisodium citrate, pH 7.0; Buffer 
II, 0.1 M NaCl/0.01 M Tris-HCl/0.001 M EDTA, pH 7.6; Buffer III, 
0.85% NaCl/0.03% КНгРОц·2H2O/O.06% НагНРО^·2H2O/100 y g/ml 
gelatine, pH 7.7; Hybridization buffer: 0.6 M NaCl/0.05 M Tris-
HC1/0.01 M EDTA/50% formamide/0.1% sodium dodecyl sulphate (SDS), 
pH 7.6. 
Growth of bacteria. 
The minicell-producing strains were grown under aeration at 
37 С in brain heart infusion-medium. For the preparation of mini-
cells from phage M13-infected cells (M13 minicells) cultures of 
the E.aol-i strain N3026 (Table I) were infected with M13 phages 
(multiplicity of infection of 50) at a density of 2-108 cells/ml. 
Thereafter aeration was continued for another 3 h at 37 С. 
Isolation of minicells. 
Minicells were isolated from non-infected of phage M13-
infected cultures by three successive sedimentation through 45-ml 
discontinuous gradients each consisting of a layer of 30 ml 20% 
sucrose and a layer of 10 ml 5% sucrose in buffer III. After the 
last centrifugation step the minicells were washed with minimal 
medium and subsequently suspended in the appropriate labeling 
medium at an absorbancy of 0.3 at 620 nm. The contamination by 
bacterial cells was assayed by plating on brain heart infusion-
agar. Usually the miniceli fraction contained less than 1 viable 
cell per 5·105 minicells. 
Segregation of DNA into minicells. 
Minicell-producing strains were grown in minimal medium sup­
plemented with all individual L-amino acids and thiamine. When 
the culture had reached a density of 1-108 cells/ml, the cells 
were infected with M13 phages at a multiplicity of 50. Subsequ­
ently, 300 vq deoxyadenosine and 30 yCi [3H] thymidine (specific 
activity 19 Ci/mmol) were added per ml culture medium. Incubation 
was continued for another 2.5 h at 37 C. Thereafter cells and 
minicells were harvested by centrifugation and the minicells 
were purified as described above. The labeled DNA was isolated 
with the aid of the lysozyme-sarkosyl method and analysed on 
sucrose density gradients (van den Hondel, CA., Konings, R.N.H. 
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and Schoenmakers, J.G.G., unpublished). 
DNA synthesis. 
To measure their ability to synthesize DNA, purified cells 
(obtained from the pellet of the first sucrose gradient) or mini-
cells were resuspended to an absorbancy of 0.3 at 620 nm in mini­
mal medium supplemented with all individual L-amino acids and 
thiamine. After a preincubation period of 10 min, 300 pg deoxy-
adenosine and 100 pCi [3H] thymidine (specific activity 19 Ci/ 
mmol) were added per ml of incubation mixture. Thereafter in­
cubation was continued for another 30 min at 37 С. Subsequently 
the DNA was isolated and analysed on sucrose gradients. 
ШШ and protein synthesis. 
Purified cells or minicells were suspended to an absorbancy 
of 0.3 at 620 nm in minimal medium supplemented with thiamine, 
the ribonucleosides guanosine and adenosine and the mixture of 
all individual L-amino acids. After a 10 min preincubation period 
100 pCi of [3H] uridine (specific activity 28 Ci/mmol) was added 
per ml of incubation mixture. Thereafter incubation was continued 
for another 25 min at 37 С. RNA synthesis was assayed by measur­
ing the incorporation of [3H]uridine into cold trichloroacetic 
acid-insoluble material. 
Protein synthesis was determined by measuring the incorpor­
ation of [35S]methionine into hot trichloroacetic acid-insoluble 
material (19). Purified cells or minicells were suspended as 
described above except that methionine was omitted from the 
medium. After a preincubation period of 10 min at 37 C, 150 цСі 
[ S] methionine (specific activity 330 Ci/mmol) was added per ml 
of incubation mixture and the incubation was continued for an­
other 30 min at 370C. 
To follow DNA, RNA and protein synthesis, samples of 20 yl 
were collected onto Whatman 3 MM filter discs at various times 
after labeling. Subsequently the discs were immersed in cold 10% 
trichloroacetic acid and further processed as described (19). The 
average counting efficiency for the 3H-labeled compounds was 70%. 
Where indicated, specific inhibitors of RNA or protein syn­
thesis were added at the start of each preincubation period. The 
inhibitors were added to the incubation mixtures in the following 
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final concentrations: rifampicin, 100 yg/ml; chloramphenicol, 
150 pg/ml; and penicillin, 50 yg/ml. 
Isolation of m A and RM. 
[ 3H] Thymidme-labeled DNA was isolated from cells or mini-
cells with the aid of the lysosome-sarkocyl method. After cen-
trifugation on sucrose density gradient, fractions of 1.5 ml 
were collected and assayed for radioactivity. Where indicated 
the DNA was recovered from these fractions by phenol extraction 
followed by ethanol precipitation. 
The method for the isolation of phage M13 DNA and of M13 
replicative form DNA have been described (20). E.aoli DNA was 
isolated by the method of Marmur (21). 
The method used for the isolation of RNA both from cells as 
well as from mimcells will be described elsewhere (Rivera et al., 
in preparation). 
Filter hybridzzation. 
E.aoli chromosomal DNA (2 vg), M13 replicative form DNA (2 
pg), or M13 single-stranded DNA (1 vg) were denatured by heating 
for 5 m m at 980C in 1 mM EDTA, pH 7.0. Thereafter the solution 
was rapidly chilled and kept on ice. Cold lOx buffer I was added 
to a final concentration of 6x buffer I and the solution was 
passed through nitrocellulose membrane filters as described by 
B^vre and Szybalski (22). The DNA filters were rinsed four times 
with 6x buffer I and dried at room temperature. Finally the DNA 
filters were 'baked' in a vacuum oven for 4 h at 80 C. 
RNA-DNA hybridization was performed by placing the filters 
in scintillation vials containing [3H]RNA dissolved in 0.75 ml of 
hybridization buffer. Annealing was carried out for 20 h at 37 С 
after which time the vials were chilled on ice. Subsequently the 
filters were washed twice with 2 ml of 2x buffer I and incubated 
m 2 ml of 2x buffer I containing 40 pg/ml of pancreatic RNase 
and 20 yg/ml of Tl RNase. Following incubation for 1 h at 370C, 
the filters were washed twice with 5 ml 2x buffer I for 30 m m 
at room temperature. After drying of the filters the radioacti­
vity was measured in a Packard liquid scintillation counter. The 
average counting efficiency for the 3H-labeled RNA was 70%. 
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DM-dependent in vitro protein synthesis. 
The materials and methods used for the preparation of the 
cell-free extracts and the conditions of in vitro protein synthesis 
have been described previously (20,23,24). 
Electrophoresis of RM and protein on Polyacrylamide gels. 
After labeling of the minicells, samples of 100 ^1 were 
centrifuged for 5 m m at 10 OOOx g in a Janetzky mini-centrifuge. 
The supernatant was sucked off carefully and the pellet was dis­
persed m 30 yl cracking buffer (0.05 M Tns-HCl (pH 6.8)/2 mM 
EDTA/1% 2-mercaptoethanol/0.001% bromophenol blue/8 M urea/10% 
glycerol). The samples were then placed in a boiling-water bath 
for 3 min, chilled, and 10 μΐ of each sample was applied on a 
Polyacrylamide slab gel (25). 
The RNA species were analysed on 2% Polyacrylamide gels 
containing 0.5% agarose (26). After electrophoresis (4 h at 65 
V/gel) the 3H-labeled RNA species were visualized by means of 
fluorography (27). Subsequently the fluorographs were traced on 
a Kipp microdensitometer (model DD2). The approximate S values 
of the RNA species were estimated from their relative electro-
phoretic mobilities. E.coli ribosomal RNAs and in vitro transcripts 
of M13 replicative form DNA (28) were used as electrophoretic 
markers. 
The polypeptides synthesized were analysed on SDS-phosphate-
polyacrylamide gels as described (24). After electrophoresis 
(16 h at 30 V/gel), the gels were dried under vaccum on filter 
paper and autoradiographed by contact with X-ray film (Kodak 
RP/R54). 
RESULTS 
Segregation of phage M13 replicative form DNA into minicells. 
It has been shown that minicells can be productively in­
fected with bacteriophage T4 (7,29). To test whether this also is 
valid for the male-specific filamentous bacteriophage M13, we in­
cubated, both in the presence and absence of penicillin, minicells 
derived from F + parents with this phage and assayed for infective 
centers and viable phage production. From the results obtained it could 
be concluded that at least a portion of these minicells possessed 
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the ability to adsorb this phage. However, no significant dis­
assembly of the virion followed by conversion of the single-
stranded phage genome into a double-stranded replicative form 
molecule was observed. Consequently, in these mmicells no phage-
specific RNAs and proteins can be made and no progeny phage 
particles can be formed. To circumvent this cell-wall barrier 
for the phage DNA another strategy for the introduction of viral 
DNA into mmicells was followed. 
Phage M13 neither lyses nor kills its host cell. Its replica­
tive form DNA therefore can be considered as a plasmid-like 
extrachromosomal element which during aberrant cell division of 
appropriate M13-infected E. coli strains is segregated into mini-
cells. 
By using this approach we were able to demonstrate that 
after infection of the E.ooli strain N3026 (Table I) with phage 
M13, its replicative form DNA is segregated into the mmicells 
(Fig. ІА). Furthermore, it could be demonstrated that these 
mmicells then were able to synthesize phage-specific DNA (Fig. 
IB). On the contrary, as one would expect on the basis of the 
results published previously (7), no significant segregation of 
F-plasmid or chromosomal DNA could be demonstrated into mmicells 
prepared either from non-infected or from M13-infected cells. 
These data therefore strongly suggest that M13 replicative form 
DNA is the sole DNA which segregates into mmicells produced by 
M13 infected cells. This conclusion is further supported by the 
observation that the gel electrophoretic pattern of the frag­
ments produced by the digestion of the DNA present in the M13 
mmicells with the restriction endonuclease isolated from 
Haemophilus aphirophilus {endo R ifap II) (30) is completely identical 
to the digestion pattern obtained after cleavage of phage M13 RF 
isolated from infected cells (unpublished observations). In this 
connection it should be mentioned that basically similar 
conclusions have been reached by Staudenbauer and Hofschneider 
(31). 
In the subsequent paragraphs it will be demonstrated that 
due to the segregation of M13 RF into mmicells, the latter have 
derived the capability to direct the synthesis of phage-specific 
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Fig. 1. Segregation and synthesis 
of phage M13 DMA in mimcells of 
E.ooli. Mimcells were lysed as 
described in Materials and Methods 
and the cleared lysates were analy­
sed on neutral sucrose gradients 
(5-20%). 32p-labeled phage Ml3 
single-stranded (SS) and replicative 
form DNA (RFI and RFII) were used 
as sedimentation markers. Direction 
of sedimentation is from left to 
the right. (A) Sedimentation pattern 
of the [Зн] thymidine-labeled DNA 
segregated into M13 (· ·)and 
M13 - (o o) mimcells. The 
sedimentation pattern of the H-
labeled DNA present in contaminating 
cells (strain N3026, 105 cells/ml) 
is indicated (A A). (B) Sediment­
ation pattern of [3НІ thymidine-label­
ed DNA synthesized in M13 + (· ·) 
and M13~ mimcells (o o) . 
2 i. 6 10 12 U 16 16 20 22 21 26 26 
Fraction number Bottom 
RNA and protein. 
Synthesis of phage-speoifia RNA in M13 RF harbouring minieells. 
It has been demonstrated that mimcells which are deficient 
in plasmid DNA also are deficient in RNA polymerase activity 
(8,9). On the contrary, mimcells which harbour a plasmid, 
either conjugative or non-conjugative, e.g. R64-11 or Ciò DF13, 
are very well capable of synthesizing RNA (19,29). From these 
observations it was inferred that the inheritance of RNA poly-
merase activity is closely related to the segregation of plasmid 
DNA into mimcells. 
To test whether mimcells derived from phage Ml3-infected 
cells also are capable of synthesizing RNA, purified M13 mini-
cells were incubated in the appropriate medium and the incorporat-
ion of [ эн] undine into cold trichloroacetic acid-insoluble 
material was followed. As shown in Fig. 2, M13 mimcells in-
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Fig. 2. Incorporation of [ н] undine into cold trichloroacetic acid-
insoluble material by mimcells. Mimcells were labeled with [^ н] undine 
as described in Materials and Methods. Kinetics of the [Зн] undine in­
corporation by mimcells produced by: F + parents (stram N3026) infected 
with bacteriophage M13 (M13+ mimcells) (· ·) ; non-infected F+ parents 
(M13~ mimcells) (o o) ; F+ parents which harbour the cloacinogenic 
Plasmid Clo DF13 (strain N1009) (A A); F" parents (strain P678-54) 
(Δ Δ) . 
Fig . 3. Effect of n f a m p i c i n ( n f ) and chloramphenicol (cap) on the 
incorporat ion of [3H] u n d i n e i n t o cold t r i c h l o r o a c e t i c a c i d - i n s o l u b l e 
m a t e r i a l by m i m c e l l s produced by the F.ooli s t r a i n N3026 (Table I ) . 
Rifampicin or chloramphenicol, when p r e s e n t , were added a t the s t a r t of 
the p r e i n c u b a t i o n . Kinet ics of the [Зн] u n d i n e incorporat ion by: M13+ 
m i m c e l l s ( · · ) ; M13" m i m c e l l s (o o) ; M13+ m i m c e l l s in the presence 
of n f a m p i c i n (• •) ; M13- m i m c e l l s in the presence of n f a m p i c i n 
(• D); M13 m i m c e l l s in the presence of chloramphenicol (A A) . 
c o r p o r a t e [ 3 H J u r i d m e t o a much l a r g e r e x t e n t t h a n t h o s e produced 
by u n i n f e c t e d c e l l s (МІЗ - m i m c e l l s ) o r by c e l l s h a r b o u r i n g t h e 
b a c t e r i o c i n o g e n i c p l a s m i d Clo DF13. This i n c o r p o r a t i o n of u r i d i n e 
by M13 m i m c e l l s i s i n s e n s i t i v e f o r t h e p r o t e i n s y n t h e s i s i n ­
h i b i t o r c h l o r a m p h e n i c o l . This s u g g e s t s t h a t c o n c o m i t a n t t r a n s ­
l a t i o n of t h e growing mRNA c h a i n i s n o t a p r e r e q u i s i t e f o r 
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proper transcription. On the other hand rifampicin, a potent 
inhibitor of the initiation of RNA synthesis, reduces the in-
corporation of [3H] uridine to the background level observed m 
M13 - minicells (Fig. 3). A negligible effect of this drug however 
was observed on the level of [3H] undine incorporation by M13 -
minicells (Fig. 3) or by minicells produced by the isogenic F-
plasmid-deficient strain (data not shown). These findings suggest 
that the major part of the observed [3H]uridine incorporation by 
M13 - minicells does not reflect RNA synthesis. Furthermore, the 
observation that the F-plasmid segregates very inefficiently 
into minicells (less than 1%) (7) might explain why no signi-
ficant difference in [3HJuridine incorporation was observed 
between minicells derived from strain N3026 (Table I) and those 
derived from the isogenic F-plasmid-deficient strain (strain 
P678-54,· Fig. 2). 
Minicells purified with the aid of sucrose density gradient 
centnfugation (Materials and Methods) are always contaminated 
with viable bacterial cells (usually less than 1 contaminating 
cell per 5·105 minicells). In order to prove that the observed 
incorporation of [3H]uridine is a property of minicells and not 
simply a result of contaminating E.coli cells several control 
experiments were performed. 
(i) Incubation of various concentrations of M13-infected cells 
with [ 3H] undine demonstrated that negligible amounts of label 
are incorporated at initial cell concentrations below 5-105/ml 
(Fig. 4A). Similar results were obtained with non-infected cells. 
As, at the start of the incubation, the contaminating cell titer 
is usually less than 5-103 cells/ml, these results therefore 
strongly suggest that the observed incorporation of [ 3H] undine 
is a property of the minicells. 
(n) Penicillin is a bacteriocidal antibiotic which has its 
primary effect on dividing cells. Since minicells do not divide 
we premcubated purified minicells for 1 h in the presence of 
this drug to reduce the level of viable cell contamination 
(about 1000-fold). If as suggested in the previous paragraph, 
RNA synthesis due to contaminating cells is insignificant, the 
level of [3H]uridine incorporation by minicells should be un-
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Fig . 4. Incorporat ion of [ НІ u n d i n e by c e l l s or m i m c e l l s produced by 
the Е.аоЫ s t r a i n N3026 (Table I ) . (A) Incorporat ion of [ Зн] u n d i n e by 
c e l l s a t an i n i t i a l concentra t ion of 5-105 ce l l s/ml and the e f fec t of 
a d d i t i o n of M13- m i m c e l l s on the incorpora t ion by M13+ m i m c e l l s . Kinet ics 
of the [Зн] u n d i n e incorporat ion by: M13+ m i m c e l l s ( · · ) ; M13" mini-
c e l l s (o o ) ; M13-infected c e l l s a t an i n i t i a l concentra t ion of 5·1θ5 
cel ls/ml (A k); non-infected c e l l s a t an i n i t i a l concentra t ion of 
5-105 ce l l s/ml (Δ Δ); Effect of a d d i t i o n of an equal number of M13~ 
m i m c e l l s on the [Зн] u n d i n e incorporat ion by M13+ m i m c e l l s Ρ π ) . 
(В) Effect of pre incubat ion with p e n i c i l l i n (pen) on the k i n e t i c s of the 
[Зц] u r i d i n e incorpora t ion by m i m c e l l s . Kinet ics of the [ Зн] u n d i n e i n ­
corporat ion by: M13+ m i m c e l l s ( · · ) , M13- m i m c e l l s (o o) , M13+ 
m i m c e l l s pre incubated in the presence of p e n i c i l l i n (• •) ; M13" 
m i m c e l l s preincubated in the presence of p e n i c i l l i n tp O) . (C) Effect 
of pre incubat ion with p e n i c i l l i n on the k i n e t i c s of the [Зн] u n d i n e 
incorporat ion by m i n i c e l i producing c e l l s a t an i n i t i a l concentra t ion of 
1θ9 c e l l s / m l . Kinet ics of the [Зн] u r i d i n e incorporat ion by: M13 infected 
c e l l s ( · · ) , non-mfected c e l l s (o o) ; M13-infected c e l l s p r e ­
incubated in the presence of p e n i c i l l i n (• •) ; non-infected c e l l s p r e ­
incubated in the presence of p e n i c i l l i n (• •) . 
a f f e c t e d by p r e i n c u b a t i o n of m i m c e l l s i n t h e p r e s e n c e of t h i s 
a n t i b i o t i c . As shown i n F i g . 4, p e n i c i l l i n t r e a t m e n t h a s a d r a m a ­
t i c e f f e c t on t h e l e v e l o f [ 3 H ] u r i d i n e i n c o r p o r a t i o n i n t h e c e l l 
f r a c t i o n ( F i g . 4 C ) . On t h e c o n t r a r y a l m o s t no e f f e c t o f t h i s d r u g 
was o b s e r v e d on t h e l e v e l o f [ 3H] u n d i n e i n c o r p o r a t i o n by t h e 
m i m c e l l s ( F i g . 4B) . From t h e s e d a t a we c o n c l u d e t h a t t h e o b -
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served incorporation of [ H] undine is a property of the M13+ 
mimcells. Furthermore, the results suggest that this RNA is 
transcribed from phage M13 replicative form DNA. 
To prove that the RNA made m M13 mimcells represents 
phage M13-specific RNA, the 3H-labeled RNA was isolated and 
hybridized to denatured host DNA, to denatured M13 replicative 
form DNA and to single-stranded phage DNA. From the results ob­
tained it could be concluded that the [ 3H] undine-labeled RNA 
synthesized m M13 mimcells hybridizes exclusively to denatured 
replicative form DNA (at least 16.4% of the input RNA). No hybrid­
ization was found to host DNA as well as to phage single-stranded 
DNA (less than 0.1% of the input RNA). Also negligible hybrid­
ization values (less than 0.1% of the input RNA) were found for 
the RNA species isolated from M13- mimcells. These results 
demonstrate that in M13 mimcells exclusively phage M13-specific 
RNA is made. Furthermore, they suggest that this RNA only is 
transcribed from the minus strand of M13 RF. Similar observations 
have been made for the M13-specific RNA synthesized in vitro as 
well as for the phage-specific RNA made in M13-infected cells 
(ref. 32-37 and unpublished results). 
To analyse the number of M13 specific RNA species synthe­
sized in M13 replicative form DNA harbouring mimcells, and to 
estimate their approximate sizes, lysates of [ H] undine-labeled 
mimcells were directly applied on 2% Polyacrylamide gels con­
taining 0.5% agarose. As shown in Fig. 5A (traces e-h) virtually 
no labeled RNA species could be detected in M13- mimcells. The 
presence of a very small amount of [ Зн] undine-labeled nbosomal 
RNA (16S and 23S; trace e) after a long labeling period is most 
probably due to RNA synthesis by the contaminating cells present 
in the miniceli preparation (see also trace a). On the contrary, 
in M13 mimcells RNA species are made which range in size from 
8S up to 20S (traces a-d). Although the amount of the RNA 
species made was strongly dependent on the time of incubation, 
the overall pattern of the RNA species made did not change sig­
nificantly during the incubation period. Comparison of the 
electrophoretic mobilities of the RNA species made гг vitro under 
the direction of M13 replicative form DNA with those made m the 
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Flg. 5. Gel e l e c t r o p h o r e s i s of [-Ή] u r i d i n e - l a b e l e d RNA from M13'r and 
M13- minice l l s . (A) Densitometer t r a c i n g s of a fluorograph of a 2% poly-
acrylamide/0.5% agarose composite ge l on which the [^н] u r i d i n e - l a b e l e d 
RNA s p e c i e s , synthesized in M13 ( t r a c e s a-d) and M13- ( t r a c e s e-h) mini-
c e l l s , had been subjected t o e l e c t r o p h o r e s i s . The RNA species have been 
labeled with [-Ή]uridine for 90, 60, 30 and 4 min, r e s p e c t i v e l y . (B) 
Fluorograph of a 2% polyacrylamide/O.5% agarose composite ge l on which 
the M13-specific RNA species synthesized e i t h e r in M13+ m i n i c e l l s (a) 
or in vitro under the d i r e c t i o n of phage M13 r e p l i c a t i v e form DNA (b), 
had been subjected t o e l e c t r o p h o r e s i s . The RNA species with sedimentation 
values equiva lent or smaller than 19S are i n i t i a t e d in vitro with pppG, 
while those with l a r g e r sedimentation values are i n i t i a t e d with pppA. 
r e p l i c a t i v e f o r m DNA h a r b o u r i n g m i n i c e l l s ( F i g . 5B) i n d i c a t e d 
t h a t a l m o s t a l l in vitro s y n t h e s i z e d p p p G - s t a r t RNAs ( 2 8 , 3 4 ) h a v e 
an e q u i v a l e n t among t h e RNA s p e c i e s made i n m i n i c e l l s . H o w e v e r , 
i n M13 m i n i c e l l s n o d i s c r e t e RNA s p e c i e s c o u l d b e d e t e c t e d w h i c h 
c o m i g r a t e w i t h t h e in vitro s y n t h e s i z e d p p p A - s t a r t RNAs ( l a r g e r 
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than 20S) (unpublished results). The RNA species which are made 
in large amounts in vitro are also the major products of the mini-
cell system. They are, however, not made in the same relative 
amounts. For example, in comparison to the 14S RNA species, the 
8S RNA product is made in miniceli in relatively much larger 
amounts than it is made in vitro. Preliminary hybridization studies 
on restriction fragments and in vitro protein synthesis studies 
have furthermore indicated that the major RNA species made in 
minicells are transcribed from the same region of the M13 genome 
as the major in vitro (G-start) products. These observations 
suggest that the major in vivo synthesized RNA species are initi-
ated at the same promoter sites, as the major in vitro trans-
cripts. Since, in the absence of P.ho, the synthesis of all in 
vitro initiated RNA chains is terminated at only one single 
transcription termination signal, which is located immediately 
after gene VIII (33,34), these observations furthermore suggest 
that this termination signal also is operative in the infected 
cell. 
Protein synthesis in MI'S replicative form ON A harbouring miniaells. 
To test whether minicells also are able to synthesize pro-
tein, we incubated purified minicells in the presence of 3 5S-
labeled methionine and followed the incorporation of label into 
hot trichloroacetic acid-insoluble material. As shown in Fig. 6 
M13 minicells incorporate [35S]methionine to a much larger ex-
tent than M13- minicells. Maximum incorporation was reached after 
about 20 min of incubation. The incorporation of [35S] methionine 
is almost completely inhibited by chloramphenicol (Fig. 7). 
Addition of rifampicin, however, resulted both in the case of 
M13 as well as of M13- minicells only in a partial inhibition 
of the [35s] methionine incorporation. As will be discussed three 
paragraphs further on, these observations very likely can be 
explained by the fact that besides replicative form DNA also 
(stable) messenger RNA species are segregated into the minicells 
(38) . 
In order to prove that the observed incorporation of 
methionine is a property of minicells and not simply a result of 
the presence of contaminating viable bacterial cells (less than 
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Fig. 6. Incorporation of [35s] methionine into hot trichloroacetic acid-
insoluble material by minicells. Kinetics of the [35s]methionine incor­
poration by: M13+ minicells (strain N3026) (· · ) ; M13" minicells 
(strain N3026) (o o); DNA-deficient minicells (strain Ρ67Θ-54) (Δ Δ). 
Fig. 7. Effect of rifampicin (rif) and chloramphenicol (cap) on the 
incorporation of [35s] methionine into hot trichloroacetic acid-insoluble 
material by minicells produced by the E.aoli strain N3026 (Table I ) . 
Rifampicin or chloramphenicol, when present, were added at the start of 
the preincubation. Kinetics of the [35s]methionine incorporation by: M13+ 
minicells ( · · ) ; M13+ minicells in the presence of rifampicin (• •) 
or chloramphenicol (A A); M13_ minicells (o o); M13- minicells in 
the presence of rifampicin Ρ •) or chloramphenicol (Δ Δ). 
one viable c e l l per 5-105 m i n i c e l l s ) , s imi lar control experiments, 
as described in the previous sect ion, were performed. As 
i l l u s t r a t e d in Fig. 8A the incorporation of [35s] methionine into 
protein is insignificant when the initial cell concentration is 
as high as 5·105 cells/ml, a concentration which is significant 
higher than the concentration of the contaminating cells in the 
miniceli preparation. The effect of a 60 min preincubation period 
with penicillin on the ability of miniceli and cell preparations 
to incorporate methionine is illustrated in Figs. 8B and 8C. As 
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F i g . 8 . I n c o r p o r a t i o n o f [35s] m e t h i o n i n e by c e l l s o r m i m c e l l s p r o d u c e d 
by t h e E.coli s t r a i n N3026 ( T a b l e I ) . (A) I n c o r p o r a t i o n of [ 3 5 S ] m e t h i o n i n e 
by c e l l s a t an i n i t i a l c o n c e n t r a t i o n of S-IO^ c e l l s / m l and t h e e f f e c t of 
a d d i t i o n of M13~ m i m c e l l s on t h e i n c o r p o r a t i o n by M13+ m i m c e l l s . K i n e t i c s 
of t h e [35s] m e t h i o n i n e i n c o r p o r a t i o n b y . M13+ m i m c e l l s , ( · · ) ; M13" 
m i m c e l l s (o o ) ; M 1 3 - i n f e c t e d c e l l s a t an i n i t i a l c o n c e n t r a t i o n of 
5 · 1 θ 5 c e l l s / m l (A A ) ; n o n - i n f e c t e d c e l l s a t an i n i t i a l c o n c e n t r a t i o n of 
S-IO-" c e l l s / m l (Δ Δ) ; e f f e c t of a d d i t i o n of an e q u a l number o f M13~ 
m i m c e l l s on t h e [35s] m e t h i o n i n e i n c o r p o r a t i o n by Ml 3 + m i m c e l l s (Ö o) . 
(B) E f f e c t of p r e i n c u b a t i o n w i t h p e n i c i l l i n on t h e k i n e t i c s of t h e [ 3 5 s ] -
m e t h i o m n e i n c o r p o r a t i o n by m i m c e l l s . K i n e t i c s of t h e [ 35s] m e t h i o n i n e 
i n c o r p o r a t i o n b y : M13+ m i m c e l l s p r e i n c u b a t e d i n t h e p r e s e n c e (• •) o r 
a b s e n c e ( · · ) of p e n i c i l l i n , M13 - m i m c e l l s p r e i n c u b a t e d i n t h e p r e s e n c e 
(Ö •) o r a b s e n c e (o o) of p e n i c i l l i n . (C) E f f e c t of p r e i n c u b a t i o n 
w i t h p e n i c i l l i n on t h e k i n e t i c s o f t h e [35s] m e t h i o n i n e i n c o r p o r a t i o n by 
m i m c e l l - p r o d u c i n g c e l l s a t an i n i t i a l c o n c e n t r a t i o n of 10^ c e l l s / r a l . 
K i n e t i c s of t h e [35s] m e t h i o n i n e i n c o r p o r a t i o n b y . M 1 3 - i n f e c t e d c e l l s p r e -
i n c u b a t e d i n t h e p r e s e n c e p n) o r a b s e n c e ( · · ) of p e n i c i l l i n , 
n o n - i n f e c t e d c e l l s p r e i n c u b a t e d i n t h e p r e s e n c e (• •) o r a b s e n c e 
(о o) of p e n i c i l l i n . 
shown t h i s drug has a dramatic effect on the incorporat ion level 
of the v iable c e l l f rac t ion, while i t has no ef fect on the mini-
c e l l f r a c t i o n . These r e s u l t s support the previous conclusion 
t h a t M13 r e p l i c a t i v e form DNA i s segregated i n t o m i m c e l l s and 
t h a t t h i s DNA i s able t o d i r e c t the synthes is of phage-specific 
RNA and p r o t e i n . 
To obtain an i n d i c a t i o n of the s ize and number of the poly­
pept ides synthesized m M13 and M13- m i m c e l l s , the polypeptides 
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Fig. 9. Autoradiograph of the polypept ides synthesized in m i n i c e l l s or 
in a DNA-dependent in vitro p r o t e i n - s y n t h e s i z i n g system. Polypeptides 
synthesized i n : ( a ) , m i n i c e l l s produced by F + p a r e n t s harbouring the 
plasmid Clo DF13 ( s t r a i n N1008); b , m i n i c e l l s produced by F + p a r e n t s 
( s t r a i n N3026); c, m i n i c e l l s produced by M13-infected F+ p a r e n t s ( s t r a i n 
N3026); d, a DNA-dependent c e l l - f r e e system under the d i r e c t i o n of 
bacter iophage M13 r e p l i c a t i v e form DNA. The i d e n t i f i c a t i o n and c h a r a c t e r ­
i z a t i o n of the in vitro synthesized polypept ides ( I I I - P , IV-P, e t c . ) 
has been described (24). The molecular weights of these p r o t e i n s was 
determined from a s tandard c a l i b r a t i o n curve using severa l p r o t e i n 
markers of known molecular weight. 
w e r e a n a l y s e d on S D S - p h o s p h a t e - p o l y a c r y l a m i d e g e l s . As shown i n 
F i g . 9 t h e p a t t e r n o f p o l y p e p t i d e s s y n t h e s i z e d i n M13 + m i n i c e l l s 
d e v i a t e s s t r o n g l y f rom t h e p a t t e r n of p o l y p e p t i d e s s y n t h e s i z e d 
i n M13 m i n i c e l l s a n d f rom t h e p a t t e r n o f p o l y p e p t i d e s made i n 
m i n i c e l l s h a r b o u r i n g t h e b a c t e r i o c i n o g e n i c f a c t o r C l o DF13 ( 3 9 ) . 
I n t h e M13 m i n i c e l i s t i l l a n u m b e r o f p o l y p e p t i d e s a r e made 
w h i c h c o m i g r a t e w i t h p o l y p e p t i d e s , s y n t h e s i z e d i n M 1 3 - m i n i c e l l s 
a n d C l o DF13 DNA h a r b o u r i n g m i n i c e l l s . The i n t e n s i t i e s of t h e s e 
b a n d s , h o w e v e r , a r e d i f f e r e n t , w h i c h s u g g e s t s t h a t i n M13 m i n i -
c e l l s t h e s y n t h e s i s o f t h e e n d o g e n o u s p r o t e i n s i s s u p p r e s s e d i n 
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favour of the phage-specific polypeptides. A striking similarity 
can be observed between the patterns of the polypeptides synthe-
sized in M13 mmicells and in a DNA-dependent cell-free system 
under the direction of M13 replicative form DNA. At least three 
polypeptides synthesized m the in vitro system, have with respect 
to their electrophoretic mobilities an equivalent among the 
proteins synthesized in M13 mmicells. Furthermore in M13 mini-
cells a polypeptide is made (mol. wt. approx. 3000) which has no 
equivalent among the polypeptides synthesized either in the M13-
or in the in vitro system. Recently it has been shown that within 
the virion a polypeptide, designated C-protein, is present which 
has a molecular weight of about 3000 (Simons, G., Konings, R. 
and Schoenmakers, J., unpublished results; Webster, R. and 
Königsberg, W., personal communication). The observation that the 
latter polypeptide comigrates on Polyacrylamide gels with the 
small polypeptide made an M13 mmicells (unpublished results), 
suggests that they are identical. 
The observation that M13~ mmicells are unable to synthesize 
RNA but that they are still capable to synthesize protein, 
suggests that during miniceli formation (stable) E.ooli messenger 
RNAs are segregated into mmicells. These observations are com-
pletely consistent with the results described by Levy (38) and 
by Garten and Henning (40) . The latter investigators demonstrated 
furthermore that the four major polypeptides synthesized in 
(DNA-deficient) mmicells are membrane proteins which form in-
tegral parts of the outer cell envelope. These authors demon-
strated also that these proteins are encoded by very stable mRNA 
species. 
To identify the M13-specific polypeptides synthesized in 
M13 mmicells, the mini cell-producing strain was infected with 
M13 phages bearing different amber mutations. 
As shown in Fig. 10 infection of the minicell-producing 
strain with M13 phages carrying amber mutations in genes III, IV, 
V and VIII, respectively, resulted in all four cases in the 
disappearance of a particular polypeptide which originally co-
migrated with the corresponding gene products synthesized in 
vitro under the direction of M13 replicative form DNA. The con-
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Flg. 10. Autoradiographs of the polypept ides synthesized in m i n i c e l l s 
produced by p a r e n t s in fected with d i f f e r e n t mapped amber mutants of 
bacter iophage M13. (A) Polypeptides synthesized in m i n i c e l l s produced by 
F + p a r e n t s ( s t r a i n N3026) which were: a, non-infected; b , in fected with 
bacteriophage M13 wi ld-type; c, i n f e c t e d with bacteriophage M13 having an 
amber mutation in gene I I I (am3-H5); d, in fected with bacteriophage M13 
having an amber mutation in gene IV (am4-H38). (B) Polypeptides synthesized 
in m i n i c e l l s produced by F + p a r e n t s which were: a, non-infected; b , i n ­
fected with bacteriophage M13 wi ld-type; c, in fected with bacteriophage 
M13 having an amber mutation in gene V (am5-H3); d, in fected with 
bacteriophage M13 having an amber mutation in gene VIII (am8-Hl). I I I - P , 
IV-P, e t c . r e f e r , r e s p e c t i v e l y , t o the p o s i t i o n of migrat ion of the 
products of the M13 genes I I I , IV, e t c . DP r e f e r s t o the p o s i t i o n of 
migrat ion of d isappear ing p r o t e i n s . 
e l u s i o n t h e r e f o r e s e e m s t o b e j u s t i f i e d t h a t i n t h e M 1 3 + 
m i n i c e l l s a t l e a s t t h e p h a g e - s p e c i f i c p r o t e i n s e n c o d e d by g e n e s 
I I I , IV, V and V I I I a r e m a d e . The p o l y p e p t i d e s e n c o d e d by g e n e 
I I I , V and V I I I a r e s y n t h e s i z e d i n m i n i c e l l s i n a l m o s t t h e same 
m o l a r r a t i o a s t h e y a r e made гп vitro. An e x c e p t i o n , h o w e v e r , i s 
t h e p o l y p e p t i d e e n c o d e d by g e n e I V . T h i s p o l y p e p t i d e i s a m a j o r 
p r o d u c t of t h e in vitro s y s t e m b u t i s made i n much l o w e r r e l a t i v e 
a m o u n t s i n M13 m i n i c e l l s . I t i s a l s o r e m a r k a b l e t h a t i n f e c t i o n 
of t h e m i n i c e l l - p r o d u c i n g s t r a i n w i t h M13 p h a g e s h a v i n g a n 
a m b e r m u t a t i o n i n g e n e V n o t o n l y r e s u l t e d i n t h e d i s a p p e a r a n c e 
of g e n e V p r o t e i n b u t a l s o i n t h e d i s a p p e a r a n c e o f t h e s m a l l 
p o l y p e p t i d e w i t h a m o l e c u l a r w e i g h t o f 3000 ( F i g . 1 0 B ) . T h i s 
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observation suggests that the synthesis of gene V protein is a 
prerequisite for the formation of the latter polypeptide. These 
phenomena are currently under investigation. It should also be 
mentioned that infection of the minicell-producing strain with 
M13 phages having an amber mutation in genes III, IV and V 
resulted in the formation of decreased amounts of the polypeptide 
encoded by gene VIII. Furthermore, infection with mutant phages 
resulted in the disappearance of a polypeptide which very likely 
is encoded by the host cell genome (polypeptide DP; Fig. 10). It 
has been shown that all amber mutants of M13, with the exception 
of those present in gene II, kill their non-permissive host cell 
(15). This cell killing is paralleled by the formation of vast 
amounts of membrane. Whether the killing and the disappearance 
of particular polypeptides are related awaits, however, further 
investigation. 
DISCUSSION 
Transcription of phage M13 RF -in vitro results in the form­
ation of a discrete number of RNA species which are initiated at 
different promoter sites but which all are terminated at the 
same unique termination signal which is located immediately 
after gene VIII (4,28,33-35,37). As a consequence of this 'cas­
cade transcription process', genes which are located proximal 
to this termination signal are transcribed more frequently than 
those which are located distal to this site, ultimately leading 
to the formation of different amounts of their encoded proteins. 
To answer the question whether a similar mechanism of gene 
expression is operative during the life cycle of this phage, we 
developed an in vivo system in which the synthesis of phage-
specific RNA and protein could be studied without a gross inter­
ference of the macromolecular biosynthetic machinery of the host 
cell. Since in contrast to the products encoded by the M13 
genome in vitro, most of the in г о synthesized phage-specific 
RNA species and polypeptides have not been identified, such an 
in vivo system would furthermore be a valuable tool for the iden­
tification and characterization of these gene products. In ad­
dition the opportunity would be offered to follow the fate of 
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these gene products after their biosynthesis and possible also 
to identify their role in the phage replication cycle. From the 
results described it can be concluded that minicells might be a 
valuable tool to answer these questions. 
It is shown that minicells produced by non-infected parents 
are deficient in DNA, whereas minicells produced by M13-infected 
parents only contain phage M13 DNA. Furthermore transcription 
and hybridization studies have indicated that in the latter mini-
cells phage-specific RNAs are made which in turn are able to 
direct the synthesis of phage-specific proteins. The synthesized 
RNA species show with respect to their electrophoretic mobili-
ties and their molar ratios a striking correspondence with the 
RNA species synthesized in an in vitro system. All pppG-start RNAs 
synthesized in vitro have an equivalent among the RNA species 
made in minicells, whereas in minicells no RNA species are found 
which co-migrate with the in vitro synthesized pppA-start RNAs. 
The relative amounts of the different RNA species synthesized 
in both systems, however, are not completely identical, e.g. in 
comparison to the 14S RNA, the 8S RNA product is made in mini-
cells in much larger amounts than it is made in vitro. 
With the aid of M13 mutants having a defined amber mutation 
in a particular gene it could be demonstrated that in the mini-
cells the proteins encoded by genes III, IV, V and VIII are made. 
Furthermore in minicells a polypeptide with a molecular weight 
of 3000 is made which probably is identical to the polypeptide 
(C-protein) recently found to be present within the virion. The 
polypeptides encoded by genes III, V and VIII but not the poly-
peptide encoded by gene IV are synthesized in the minicells in 
almost the same molar ratios as they are made in an in vitro DNA-
dependent protein-synthesizing system. These observations suggest 
that in vivo still other regulatory mechanisms are operative 
which are responsible for the differences in expression between 
the genes located on the M13 genome. 
Besides the possibilities described several other fundamen-
tal processes operative during the life cycle of phage M13 can 
be studied with the aid of M13 DNA harbouring minicells. A few 
examples are: 
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(ι) In previous communications we have demonstrated that the 
capsid proteins encoded by genes III and VIII are synthesized 
in vitro as precursor molecules (24) . With the aid of the mini-
cell system the answer now can be given whether such precursor 
molecules also are synthesized in the infected cell and whether 
phage-encoded functions are required for the processing of 
these precursor molecules. Furthermore the possibility is offered 
to solve the question whether processing occurs during or 
immediately after the biosynthesis of these polypeptides and 
whether cleavage is a prerequisite step for the proper binding 
of these polypeptides to the host-cell mner-membrane and/or to 
the single-stranded phage genome. 
(11) DNA-dependent in vitro protein synthesis studies have in­
dicated that phage M13 replicative form DNA directs the synthesis 
of the proteins encoded by genes I through V and VIII (20,23,24). 
Besides these, a prematurely terminated translation product of 
gene IV and a polypeptide (called X-protein) which is the product 
of a gene (gene X)which completely overlaps the C-terminal end of 
gene II, are made. Hitherto no answer has been given to the 
questions whether these products also are made within the infec­
ted cell and whether they play a fundamental role during the 
life cycle of this phage. Furthermore the 3000 dalton protein 
synthesized in minicells is probably identical to the small pro­
tein, designated C-protem, present within the virion. Nothing 
is known about its function and genetic origin. The miniceli 
system again might be a very useful tool to answer these ques­
tions. 
( m ) Although the RNA species, synthesized in minicells show 
a striking correspondence to the in vitro synthesized RNA species, 
no discrete M13 specific mRNA larger than 20S could be detected 
in this in vivo system. Recent studies have indicated that m 
minicells still a number other M13-specific RNA species are made 
which range in size from 9S up to 17S and which do not have an 
equivalent among the RNA species made in the in vitro system. 
These observations strongly suggest that in minicells termination 
of transcription not only occurs at the central terminator, lo­
cated immediately after gene VIII, but also at other (Rho -dependent?) 
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site(s) on the M13 genome. 
In conclusion, it appears that the miniceli system described 
might be a valuable tool for the identification and character-
ization of the M13 gene products and for the resolution of fun-
damental processes, such as gene expression and gene regulation, 
operative during the life cycle of filamentous bacterial viruses. 
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APPENDIX 
As outlined in the previous paragraphs, we have introduced 
a new approach for studying the in г о expression of the genome 
of bacteriophage M13. Evidence has been presented that m M13 
minicells exclusively phage-specific RNA is made. It has further­
more been demonstrated that some RNA species have, with respect 
to their electrophoretic mobility, an equivalent among the RNAs 
synthesized -in vitro under the direction of M13 RF. On the other 
hand, the resolving power of the RNA fractionation method applied 
did not allow us to conclude to what extent the pattern of RNA 
species synthesized in minicells deviated from that of the in 
vitro RNA transcripts. In addition, no firm conclusions could be 
drawn as to whether the RNA pattern in minicells is a faithfull 
representation of the phage-specific RNAs present in the infected 
E.ooli cell. In order to validate the miniceli system, we have 
developed a new gel system for the analysis of the RNA and im­
proved the techniques to prepare the slab gels for fluorography. 
In addition, we have introduced a preparative hybridization 
technique for the isolation of the M13-specific RNA species from 
infected (mini)cells (see Materials and Methods). 
As shown in Fig. 1, electrophoresis on 2.5% Polyacrylamide 
gels containing 7 M urea and 0.1% SDS now separates the various 
RNA preparations into a large number of discrete RNA species. 
In comparison with the gel system used in the first part of 
this chapter, the resolving power of these gels is greatly im­
proved. In DNA deficient minicells, virtually no discrete tran­
scription products are made (lane 4). On the contrary in M13 
minicells a large number of RNA species is synthesized (lane 3). 
A number of these RNAs comigrate with RNA species which are pre­
sent in M13 infected cells (lane 2) but are absent in uninfected 
cells (lane 1). To obtain additional evidence that these RNAs are 
encoded by the phage genome we selected the phage-specific RNA 
with the aid of a preparative hybridization technique. The RNA 
which hybridized was eluted from the DNA and then analysed on 
2.5% Polyacrylamide gels containing 7 M urea and 0.1% SDS. As one 
would expect, almost all RNA species synthesized in M13 mini-
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fractionation on 2.5% Polyacrylamide gels 
of the (Зн)-uridine labeled RNA species 
synthesized in uninfected cells (lane 1), 
infected cells (lane 2 ) , M13 + minicells 
(lane 3) and DNA deficient minicells (lane 4) 
"ti A fluorographic pattern of the RNA species 
synthesized in vitro under the direction of 
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M13 RF is shown in lane 5. The identification 
of the ги vitro synthesized RNA species has 
been described by Edens et al. (1-3). 
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cells (Fig. 2, lane 2) hybridize to the M13 DNA probe (lane 1). 
A grossly identical pattern is obtained in case the phage-speci-
fic RNA (lane 4) is isolated from RNA preparations extracted from 
infected cells (lane 5). From these data we feel confident to 
conclude that in minicells carrying the M13 RF as its sole DNA 
the same set of phage-specific RNAs is synthesized as in the 
infected cell and, consequently, the miniceli system is a faith-
full tool for studying the mechanism which regulates the expres­
sion of the filamentous phage genome in vivo. It should be noted, 
however, that some RNA species are present in minicells in re­
latively larger amounts then they are present in infected cells. 
The reason for this is still unclear. 
In the absence of termination factor Rho transcription of 
M13 RF in vitro results in the synthesis of a discrete set of RNAs 
which range in size from 370 (8S) upto 5000 (26S) nucleotides 
(1-4). In addition, a heterogeneous mixture of RNA molecules with 
sizes equivalent to or larger than one genome length is made. 
Some of the in vitro synthesized RNAs (i.e. 8S, U S , 14S, 19S) 
have an equivalent among the RNA species present in minicells, 
F i g . 2 . F l u o r o g r a p h s o b t a i n e d a f t e r 
f r a c t i o n a t i o n of t h e ( З н ) - u r i d i n e 
l a b e l e d RNA s p e c i e s i s o l a t e d from 
M13 m i n i c e l l s and M13 i n f e c t e d c e l l s . 
Lane 1; RNA i s o l a t e d from M13+ m i n i -
c e l l s which h y b r i d i z e s t o d e n a t u r e d 
M13 DNA, l a n e 2; RNA i s o l a t e d from 
M13+ m i n i c e l l s p r i o r t o h y b r i d i z a t i o n , 
l a n e s 3 and 5; RNA i s o l a t e d from M13 
i n f e c t e d c e l l s p r i o r t o h y b r i d i z a t i o n , 
l a n e 4 ; RNA i s o l a t e d from i n f e c t e d 
c e l l s which h y b r i d i z e s t o d e n a t u r e d 
M13 DNA. 
w h e r e a s o t h e r s a n d p a r t i c u l a r l y t h e l a r g e o n e s ( i . e . 2 3 S , 2 6 S 
a n d > 2 6 S RNA) d o n o t h a v e s u c h a n in vivo e q u i v a l e n t ( F i g . 1, 
l a n e 5 ) . I n ( m i n i ) c e l l s a l s o a n u m b e r o f p h a g e - s p e c i f i c RNAs 
a r e m a d e w h i c h d o n o t h a v e a n in vitro c o u n t e r p a r t . T h e s e r e s u l t s 
s t r o n g l y s u g g e s t t h a t a s u b s e t o f t h e r e g u l a t o r y s i g n a l s o p e r a t ­
i n g d u r i n g in vitro t r a n s c r i p t i o n r e a c t i o n s r e m a i n s a c t i v e in 
vivo w h e r e a s o t h e r s i g n a l s a r e h i d d e n o r i n a c t i v e d u r i n g in 
vitro t r a n s c r i p t i o n . F u r h t e r s t u d i e s , i n w h i c h t h e m i n i c e l i 
s y s t e m u n d o u b t e d l y w i l l b e a p p l i e d , a r e n e e d e d t o c l a r i f y t h e s e 
p o i n t s . 
MATERIALS AND METHODS 
Bacterial strains and bacteriophages. 
Escherichia coli s t r a i n K38 (326 RE) was u s e d b o t h f o r t h e 
c u l t i v a t i o n o f M13 p h a g e s a s w e l l a s f o r t h e p r e p a r a t i o n of RNA 
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from infected and uninfected cells. Minicells were isolated from 
uninfected or phage M13 infected cells of Fsaherichia coli strain 
DS410 (5) . 
Media and buffer solutions. 
TPGA medium contained per liter: 0.5 g of NaCl, 8.0 g of 
KCl, 1.1 g of ШцСІ, 0.4 g of МдСІг-бНгО, 0.022 g of NaaSOi*, 
0.8 g of sodium pyruvate and 12.1 g of Tris base (6). To 90 ml 
of this medium were added: 0.1 ml of 1 mg/mi vitamine Bj, 1 ml of 
20% (w/v) glucose, 0.05 ml of 0.1 M КНгРО^ and 10 ml of 3% (w/v) 
dephosphorylated vitamine free casamino acids (Difco). Immediate­
ly before use L-tryptophan was added to the medium at a final 
concentration of 20 yg/ml. 
Pre-incubation buffer contained: 50% (v/v) formamide, 0.75 M 
NaCl, 0.075 M sodium citrate, 0.05 M sodium phosphate, pH 6.5, 
0.1% SDS, 0.25 mg/ml of sonicated denatured salmon sperm DNA and 
0.02% (w/v) each of Ficoll 400, polyvinylpyrrolidone and bovine 
serum albumine. 
Hybridization buffer contained: 80% (v/v) formamide, 0.4 M 
NaCl, 0.04 M Pipes-NaOH, pH 6.4 and 1 mM EDTA. 
Tris-EDTA (TE) buffer contained: 0.01 M Tns-HCl, pH 7.0 
and 1 mM EDTA. 
Isolation of DNA. 
Ml 3 RF was isolated by the cleared lysate procedure of 
Clewell and Helinski (7) and further purified by CsCl density 
gradient centnfugation. 
Preparation of ( H)-uridine labeled RNA. 
Esoheriohia coli K38 was grown in TPGA medium at 37 С until 
a density of 2.108 cells/ml was reached. At this time СаСІ2 was 
added (final concentration 0.1 mM) and the cells were infected 
with M13 phages at a multiplicity of 40. Fifteen minutes later 
100 yg of desoxyadenosine, 80 yg of thymidine and 10 yCi of 
(3H)-uridine (Amersham, specific activity 162 mCi/mg) was added 
per ml of culture medium and cultivation was continued for an­
other 15 minutes. The RNA was extracted twice at 60 С by the 
addition of an equal volume of hot phenol containing 0.2% SDS 
and saturated with ТЕ buffer. The RNA in the combined aqueous 
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layers was precipitated by the addition of 0.1 volume of 3 M 
sodium acetate, pH 5.2, and 2.5 volumes of cold ethanol. The 
precipitate was dissolved m TE buffer and extracted twice at 
room temperature with phenol saturated with TE buffer. Finally 
the RNA was concentrated by precipitation with ethanol. 
The growth of the miniceli producing strain £.. eoli DS410 and 
the isolation of minicells have been described. After isolation, 
the minicells were washed in TPGA medium and subsequently sus-
pended in this medium to an absorbancy of 0.5 - 0.75 at 6 20 nm. 
After a pre-mcubation period of 5 minutes at 37 C, 100 vig of 
desoxyadenosine, 80 ug of thymidine and 10 pCi of (3H)-uridine 
were added per ml of TPGA medium and incubation was continued 
for another 15 minutes at 37 c. The RNA was isolated as described. 
Transcription of Ml 3 RF in vitro has been carried out as 
described by Edens et al. (1-3). 
Selection of Mió specific RNA. 
About 30 уд of M13 RF DNA was denatured for 5 minutes in 
0.66 M NaOH at 100 С. After cooling to 0 С an equivalent amount 
of 0.66 M HCl was added, followed by the addition of sodium 
acetate buffer, pH 4.5, to a final concentration of 40 mM. The 
DNA was bound to freshly prepared discs of diazobenzyloxymethyl 
paper for at least 16 hr at room temperature. This paper was 
prepared according to the procedure described by Alwine et al. 
(8). The discs were exhaustively washed with water and treated 
twice with 1 ml of 0.4 M NaOH for 10 minutes at room temperature. 
After a further three washes with water, the discs were pre-
incubated for 16 hr in pre-incubation buffer at 420C. Subsequent­
ly they were washed with hybridization buffer and incubated 
under R-loop conditions (9) with denatured (10', 70oC) (3H)-
uridine labeled RNA. The discs were extensively washed at room 
temperature with five one ml samples of 10 mM Tns-HCl, pH 7.0, 
1 mM EDTA and 0.1% SDS and the annealed RNA was eluted from the 
discs by heating at 90 С for 1.5 minute in 0.2 ml of 10 mM Tris-
HC1, pH 7.0 and 1 mM EDTA. This procedure was repeated once and 
after the addition of 10 vig of carrier tRNA, the RNA m the 
combined eluates was precipitated with ethanol. 
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Polyaerylamide gel electrophoresis. 
The RNA species were fractionated on vertical slab gels 
(20 χ 10 χ 0.2 cm) containing 2.5% Polyacrylamide (acrylamide/ 
bisacrylamide ratio 15 : 0.75) in electrophoresis buffer. This 
buffer contained: 7 M urea in 0.04 M Tris, 0.02 M NaAc, pH 7.8, 
0.002 M EDTA and 0.1% SDS. Immediately before application to the 
gel the RNA samples were dissolved in water and mixed with an 
equal volume of cracking buffer (0.05 M Tns-HCl, pH 6.8, 2 mM 
EDTA, 1% B-mercaptoethanol, 0.001% bromophenol blue, 0.001% 
xylene cyanol, 8 M urea and 10% glycerol). After electrophoresis 
(4 hr, 60 mA) the gel was immersed for one hr in 5% methanol and 
7.5% acetic acid. Prior to fluorography the gel was dehydrated 
in dimethylsulfoxide and immersed for 3 hr m dimethylsulfoxide 
containing 20% (w/v) PPO (Merck). Precipitation of PPO was 
achieved by immersion in 500 ml of water for one hr. Thereafter 
the gel was extensively rinsed in water, dried for at least 3 hr 
and contacted with X-ray film (Kodak RP/R54). To prevent 
destruction immediately after electrophoresis the gel was fixed 
onto wetted Whatman 3 MM paper and from that moment on contact 
of the gel by hands was avoided. 
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ABSTRACT 
During the infection cycle of the filamentous bacteriophage 
M13 a phage specific RNA species is made which selectively di-
rects in vitro the synthesis of the precursor of the major capsid 
protein encoded by gene VIII. This RNA is unstable (its mean 
half-life is 11 min) and is made in amounts representing at 
least 2% of the newly synthesized RNA. Nucleotide sequence analy-
ses have indicated that the synthesis of this RNA species is 
initiated and terminated at the same promoter (G-
 10) and ter-
mination signal (T. „,-) of the M13 genome as the 8S RNA species 
made in vitro under the direction of M13 replicative form DNA. 
INTRODUCTION 
Bacteriophage M13 is an F-specific filamentous coliphage 
(Ff) closely related to the phages fl, fd and ZJ/2 (for reviews 
see 1 and 2). The phage contains a circular single-stranded DNA 
(about 6,400 nucleotides long) which upon infection is converted 
in a double-stranded covalently closed replicative form molecule 
(RF-I). During M13 growth only the non-viral strand serves as a 
template for transcription (3,4). Asymmetric transcription of 
the non-viral strand also occurs when RF DNA or duplex restric-
tion fragments are transcribed in vitro by E.aoli RNA polymerase 
holoenzyme (5-9). 
Evidence has accumulated that in the absence of termination 
factor Rho the M13 genome is expressed in vitro according to a 
cascade-like mechanism of transcription (7,8,10,11-13). This 
implies that M13 RF is transcribed into a discrete number of RNA 
species which are initiated at nine different promoter sites (RNA 
initiation sites) but which all are terminated at a unique ter-
mination signal located immediately after gene VIII, the gene 
coding for the major capsid protein (Fig. 1; 7,10). The conse-
quence of such a cascade-mechanism is that genes with a low 
frequency of transcription are located distally and genes with 
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a high transcription frequency are located proximally to the 
"5'-end" of the central termination signal (Fig. 1). Gene V and 
gene VIII are located immediately proximal to the central ter­
mination signal in a region where also the strongest phage pro­
moters are found. Our finding that the polypeptides encoded by 
these genes are synthesized both in vitro as well as in vivo in 
much larger quantities than the other phage encoded polypeptides 
(4,11-14) therefore strongly supports such a cascade-like mecha­
nism of gene expression. 
Our knowledge of the mechanisms which regulate the expres­
sion of the filamentous phage genome in the infected cell is less 
well documented. One of the main reasons is the fact that during 
the phage infection cycle no shut-off of the synthesis of host-
specific RNA and protein occurs. Consequently, an unambiguous 
characterization and identification of the phage encoded products 
is hampered by the bulk of gene products encoded by the host-cell 
genome. 
By means of hybridization studies Jacob et al.(15) have ob­
served that in the infected cell M13 specific RNA species are 
present which range in molecular weight from 9 χ IO1* (ca. 8S) up 
to 5 χ IO5 (ca.16S). No RNA species were detected with sizes 
equal or larger than one genome length. Also studies with M13 RF 
harboring minicells have proved that in the infected cell at 
least ten M13 specific RNA species are made with sizes ranging 
from 8S (370 nucleotides) up to 20S (ca. 2000 nucleotides; 4). 
The major RNA species (e.g. 8S, 14S, and 19S) had an electro-
phoretic mobility which was identical to the major in vitro syn­
thesized G-start RNAs. Furthermore preliminary hybridization 
studies have indicated that they are initiated and terminated at 
the same promoter and (central) termination signal as their in 
vitro counterparts, suggesting that a cascade-like mechanism of 
gene expression is also operative in vivo. 
In this study evidence will be presented that in the in­
fected cell an RNA species is made which is initiated at the same 
promoter (promoter G
n
 .„) and terminated at the same termination 
signal (Τ
η
 -,-) of the M13 genome as the 8S RNA species synthe­
sized in vitro. Furthermore it will be shown that this RNA species 
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Fig. 1. Circular genetic map of the filamentous bacteriophage M13. 
The Roman numerals refer to the different genes. X refers to a gene which 
completely overlaps with the C-terminal end of gene II. The direction of 
transcription is as indicated. The bars refer to the promoter sites located 
on the Ml 3 genome by means of in vitro transcription and translation 
studies: black bars stand for G promoters and hatched bars for A promoters. 
The starting nucleotide of the RNA chains initiated at promoter Xo.25 L S 
not yet known. The suffix corresponds to the position of the promoter 
sites on the physical map. Τ stands for the .FTzo-independent termination 
signal for transcription while IG refers to the intergenic region in which 
the replication origin for both the viral as well as for the non-viral 
strand is located. The single cleavage site of replicative form DNA by the 
restriction endonuclease Hindi! is indicated. This site serves as a re­
ference (zero) point on the physical map. The two small arrows indicate the 
position of restriction fragment HapII-B2, a fragment which encompasses, 
besides gene VIII, promoter Ggjg and the central transcription termination 
signal T ^ ^ . 
accounts for at least 2% of the total RNA made. 
MATERIALS AND METHODS 
Bacteria and Phages. 
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Esaheríohia coli strain K38 (S26 RE; 16) was used both for the 
cultivation of M13 phages as well as for the preparation of RNA 
from infected and uninfected cells. Bacteriophage M13 wild-type 
was originally obtained from Dr. P.H. HofSchneider. 
TVGk Medium. 
This medium contained 0.5 g of NaCl, 8.0 g of KCl, 1.1 g of 
ΝΗίψΟΙ, 0.4 g of МдСІг-бНгО, 0.22 g of Ыа250ц, 0.8 g of sodium 
pyruvate, and 12.1 g of Tris base in 1 liter of water (17). To 90 
ml of the above medium were added: 0.1 ml of 1 mg/ml of vitamine 
Bi, 1 ml of 20% (w/v) glucose, 0.05 ml of 0.1 M КНгРОц, and 10 ml 
of 3% (w/v) dephosphorylated vitamin-free casamino acids (Difco). 
L-Tryptophan was added to the medium at a final concentration of 
20 ug/ml immediately preceding the inoculation of the culture. 
Enzymes. 
RNase Τ was obtained from Calbiochem La Yolla, California. 
Pancreatic RNase A was purchased from Worthington Biochemical 
Corp., Freehold, New Yersey. 
3 2 Preparation of P- labeled RNA. 
3 2P - labeled RNA was extracted from infected and uninfected 
cells according to Altman (18). E.coli K38 was grown with rotary 
shaking at 37 С in 100 ml of TPGA medium until a density of 
2 χ 108 cells/ml was reached. At this time shaking was stopped 
for 10 min and the cells were infected with phage M13 at a mul­
tiplicity of 40. Thirty minutes later 5 to 10 mCi of carrier free 
3 2Po3 _ was added and cultivation was continued for another 20 
min. The RNA was extracted by the addition of sodium dodecyl 
sulfate (final concentration 1%) followed by the addition of an 
equal volume of phenol saturated with STE (0.01 M Tris-hydro-
chloride, pH 7.6, 0.1 M NaCl, and 1 mM EDTA) at 650C. The mixture 
was shaken vigorously for 10 min at 650C. The emulsion was then 
broken by centri fugation (10 min; 5.000 g; 10-20oC). The aqueous 
layer was carefully pipetted off and the phenol layer and inter­
phase were reextracted with a half volume of STE containing 1% 
SDS. The RNA in the combined aqueous layers was precipitated by 
the addition of 0.1 volume of 3M sodium acetate (pH 5.2) and 2.5 
volumes of 96% ethanol. After storage overnight at -20oC, the RNA 
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was collected by high-speed centrifugation, resuspended in STE-
buffer containing 1% SDS and reprecepitated. The final precipi­
tate was dissolved in 1.2 ml deionized formamide. 
Polyacrylarnide gel electrophoresis. 
The RNA species were fractionated on vertical slab gels (20 
χ 20 χ 0.2 cm) containing 2.5% Polyacrylamide in 7 M urea. Im­
mediately before application to the gel, the RNA samples were 
mixed with an equal volume of cracking buffer (19) and heated to 
80 С for 5 mm. After electrophoresis (5 hr at 45 mA) the RNA was 
located by autoradiography. The gel segment containing the 8S RNA 
species was cut out, crushed by piercing through a hyperdermic 
syringe, and extracted with one ml of STE containing 0.1% SDS. 
After extraction the gel was pelleted by centrif ugation (15 m m ; 
5.000 g) and re-extracted two more times with 0.5 ml of the same 
solution. The supernatants were pooled, 20 yg of carrier E.ooli 
tRNA were added, and the RNA was precipitated by the addition of 
0.1 volume of a solution containing 3M sodium acetate (pH 5.2) 
and 0.1 M magnesium acetate followed by the addition of 2.5 
volumes of cold (-20oC) 96% ethanol. 
Purification of RNA. 
For the purification of the RNA obtained after Polyacryla­
mide gel electrophoresis two independent techniques were used. 
In case the RNA was used for in vitro protein synthesis studies it 
was further purified by means of glycerol density gradient cen-
tnfugation (10). In all other cases the RNA was purified by 
means of chromatography on small DEAE-cellulose columns as des­
cribed by Sugimoto et al. (20) . After elution with 2 M tnethyl-
amme bicarbonate (pH 8.0) the RNA was dialysed at room tempera­
ture against STE containing 0.1% SDS. Thereafter the RNA was 
concentrated by means of ethanol precipitation as described. 
Cell-free protein synthesis. 
Cell-free protein synthesis, under the direction of restric­
tion fragments or under the direction of the in vitro or in vivo 
synthesized mRNA species, was carried out as described previous­
ly (19). All RNA-directed reactions were performed in the pre­
sence of Rifampicin at 100 yg/ml, and 10 yg/ml DNase. The synthe-
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sized polypeptides were analysed on 15% SDS-Tns-glycine Poly­
acrylamide gels m the presence of 8M urea (19). 
Nuoleotide sequence analysis. 
The Materials and Methods used for the establishment of the 
nucleotide sequences of the 5 1- and 3'-terminal regions of the 
in vivo synthesized 8S RNA molecule were completely identical to 
those used by Sugimoto et al. (20) for the resolution of the 
nucleotide sequence of the 8S RNA molecule synthesized in vitro 
under the direction of phage fd replicative form DNA. 
The 5'-terminal region was isolated by means of two-dimen­
sional chromatography on polyethylenimine (PEI)-cellulose thm-
layer plates (Macherey-Nagel Co., 20 cm χ 20 cm) of pancreatic 
RNase A digests. The chromatographic conditions were chosen as 
such that nucleotides containing triphosphate ends stayed at the 
origin (21). 
The 3'-terminal region was isolated as an RNase Tj resistant 
"core" after digestion of the in vivo synthesized 8S RNA molecule 
with RNase ^ under standard conditions (20; 1:10, w/w, enzyme 
to RNA). Following digestion (1 hr at 370C) the RNase Τχ resis­
tant 3'-terminal region was separated from the other digestion 
products by means of electrophoresis on 15% Polyacrylamide gels 
containing 7 M urea (4 hr at 45 mA/gel). After elution and sub­
sequent purification, the "core fragment" was digested complete­
ly with RNase Τι (1:1, w/w, enzyme to RNA). The oligonucleotides 
thus obtained were fractionated by means of electrophoresis on 
cellulose-acetate strips (pH 3.5) followed by homochromatography 
on DEAE-cellulose (22). As developing medium homomixture "С" 
diluted with 7 M urea was used. The composition of the complete 
RNase Τj and RNase A digestion products was determined by means 
of electrophoresis on DEAE-paper (Whatman DE 81, pH 3.5). 
RESULTS 
Fractionation, in the presence of 50% formamide, of the RNA 
species present in the infected cell on sucrose gradients follow­
ed by incubation of the different RNA fractions in a cell-free 
protein synthesizing system have indicated that in the infected 
cell several classes of M13 specific RNA species are present 
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which differ in molecular weight but which have in common the 
coding information for the polypeptide encoded by gene VIII (M. 
Stevens and R. Konings, unpublished resul ts) . From these obser-
vations i t was inferred that also in vivo a cascade-like mecha-
nism of transcription is operative and that a transcription ter-
mination signal is located immediately after gene VIII. 
To study whether in vivo the same M13 specific mRNA species 
are made as there are made in vitro we have fractionated the 3 2P-
labeled in vivo synthesized RNA species on Polyacrylamide gels. 
Autoradiographic analyses of the fractionated RNA species indi-
cated that in the infected cell a small RNA species (8S RNA) is 
made which has no counterpart among the RNA products made in the 
non-infected cell (Fig. 2). This RNA species is made in rather 
large amounts. Based upon radioactivity measurements i t accounts 
for a least 2% of the total RNA made. Labelling of the infected 
cells with 32PO^- for 20 min followed by the addition of Rif-
ampicin (200 vig/ml) and KH2P0tl(l mM) to halt further incorpor-
i Fig. 2. Comparison by Polyacrylamide gel 
electrophoresis of the -^P-labeled RNA species 
isolated from bacteriophage M13 infected (a) 
23S-flMÌ a n d non-infected c e l l s (b) . 
RNA,labeled with [32p]_o r thophosphate and 
1АЧ-1 I ^ p u r i f i e d as descr ibed under Mater ia l s and 
Methods^as resolved by e l e c t r o p h o r e s i s through 
2.4% s lab g e l s . 
η
8 S - — 
5 S -
m 
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Fig. 3. A. Large scale p r e p a r a t i o n of M13 s p e c i f i c 8S RNA. 
RNA labeled with [ p]-orthophosphate and p u r i f i e d as described was 
resolved by e l e c t r o p h o r e s i s through 2.4% Polyacrylamide s lab g e l s . 
After autoradiography the 8S RNA was e x t r a c t e d from the gel as 
described under Mater ia l s and Methods. Per gel (20 χ 20 χ 0.2 cm) an 
amount equiva lent t o 8 ml c e l l c u l t u r e was loaded. 
B. Comparison of the e l e c t r o p h o r e t i c m o b i l i t i e s of the M13 
s p e c i f i c 8S RNA species synthesized in VÌVO (a) or in VitVO (b) under 
the d i r e c t i o n of phage M13 DNA. The in vivo synthesized 8S RNA species 
was i s o l a t e d as described (cf. Fig . ЗА). The in vitro synthesized 8S 
RNA was made under the d i r e c t i o n of r e s t r i c t i o n fragment Яар II-B2, a 
fragment which encompasses gene V I I I , promoter G Q . I B and the c e n t r a l 
t r a n s c r i p t i o n terminat ion s ignal TQ_25 (cf. Fig. 1; 7 , 8 ) . 
a t i o n a l l o w e d u s t o q u a n t i t a t e t h e m e t a b o l i c i n s t a b i l i t y of t h i s 
8S RNA m o l e c u l e . S a m p l e s of t h e c u l t u r e w e r e w i t h d r a w n a t d i f ­
f e r e n t i n t e r v a l s a f t e r i n c o r p o r a t i o n h a d c e a s e d ( w i t h i n 2 min 
a f t e r R i f a m p i c i n a d d i t i o n ) a n d t h e r a d i o a c t i v i t y o f t h e 8S RNA 
s p e c i e s was m e a s u r e d ( t h e b a n d s c o r r e s p o n d i n g t o 8S RNA w e r e 
l o c a l i z e d by a u t o r a d i o g r a p h y , c u t f rom t h e g e l a n d d i r e c t l y 
c o u n t e d ) . From t h e p l o t of r a d i o a c t i v i t y i n t h e BS RNA v e r s u s 
t i m e a f t e r c h a s e , a mean h a l f - l i f e of 11 min was c a l c u l a t e d . 
S i n c e t h e s i z e o f t h i s 8S RNA s p e c i e s i s i d e n t i c a l t o t h a t 
o f t h e s m a l l e s t RNA s p e c i e s ( S S ; 370 n u c l e o t i d e s ) s y n t h e s i z e d 
in vitro u n d e r t h e d i r e c t i o n o f M13 r e p l i c a t i v e form DNA ( F i g . 3 B ) , 
1 0 4 
it was an attractive idea to suppose that both RNA species are 
initiated and terminated at the same regulatory sites of the M13 
genome and thus that they are identical. 
Previously it has been shown that the in vitro synthesized 8S 
RNA molecule directs the synthesis of the precursor of the major 
capsid protein encoded by gene VIII (7,19). This is again demon­
strated in Fig. 4. In this figure it furthermore is shown that 
also the in vivo synthesized 8S RNA product harbors the coding 
information for the latter polypeptide (mol. wt. ca. 7,500; 74 
amino acids long). No synthesis of polypeptides, other than those 
which already are made in the control experiment could be demon­
strated. These observations already suggest that the 8S RNA 
molecules isolated from the infected cell are unique and that 
they are identical to the 8S RNA molecules synthesized in vitro 
under the direction of M13 replicative form DNA. This conclusion 
is furthermore supported by the fact that the in vivo synthesized 
8S RNA species hybridizes exclusively to the same restriction 
fragment of the M13 genome (fragment ЯарІІ-В2; Fig. 1) as the 8S 
RNA species made in vitro (M. Smits, and R. Konings, unpublished 
results). 
Recently the complete nucleotide sequence of the in vitro 
synthesized 8S RNA molecule of phage M13 has been established 
(T. Hulsebos and J. Schoenmakers, unpublished data). This se­
quence is fairly identical to the one established for the 8S 
RNA species transcribed from phage fd replicative form DNA (20). 
Exceptions are: first, the nucleotide sequence at the 5'- end 
(viz. a stretch of five G residues in case of M13 instead of four 
G's in case of fd); second, the nucleotide at position 136 (viz. 
a cytosine residue in case of M13 and a uridine residue in case 
of fd); and third, the nucleotide at position 209 (viz. an 
adenosine residue in case of M13 and a guanosine residue in case 
of fd). 
The 8S RNA molecule is 370 nucleotides long and the nucleo­
tide sequence of the 5'- and 3'-terminal regions are indicated 
in Table I. To obtain information whether the in vivo synthesized 
8S RNA species is initiated and terminated at the same regions of 
the M13 genome as its in vitro counterpart we have studied whether 
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Fig. 4. Radioautogram of the [^^S]-methionine labeled polypept ides 
synthesized in vitvo under the d i r e c t i o n of the 8S RNA species i s o l a t e d 
from phage M13 i n f e c t e d c e l l s . 
( a ) : products synthesized in the presence of wild-type M13 r e p l i c a t i v e 
form DNA; (b) : products synthesized in the absence of exogenous RNA or 
DNA; ( с ) : products synthesized in the presence of r e s t r i c t i o n fragment 
ЯаріІ-В2 (cf. F i g . l ) ; (d) : products synthes ized in the presence of 8S 
RNA i s o l a t e d from M13 in fected c e l l s ; ( e ) : products synthesized in the 
presence of 8S RNA made in vitro under the d i r e c t i o n of r e s t r i c t i o n 
fragment HapII-B2. RNA and p r o t e i n s y n t h e s i s in vitro was c a r r i e d out 
as described (7,10,19). Of the in VÌVO synthesized BS RNA an amount 
equivalent to 2 ml c e l l cu l tu re (ca. 0.75 vg) was added per 0.025 ml 
r eac t ion mixture . The i d e n t i f i c a t i o n of the products synthesized in 
vitro under the d i r e c t i o n of wi ld- type r e p l i c a t i v e form DNA has been 
described (12,19). I I I - P , IV-P, e t c . r e f e r r e spec t ive ly to the products 
encoded by gene I I I , gene IV, e t c . 
t h e 5 ' - and 3 ' - t e r m i n a l r e g i o n s of b o t h RNA c h a i n s a r e i d e n t i c a l . 
Nucleotide sequence of the 5 '-terminal region. 
D i g e s t i o n o f t h e in vivo s y n t h e s i z e d 8S RNA s p e c i e s w i t h p a n -
c r e a t i c r i b o n u c l e a s e (RNase A) f o l l o w e d by t w o - d i m e n s i o n a l c h r o -
m a t o g r a p h y on P E I - c e l l u l o s e t h i n l a y e r p l a t e s r e v e a l e d t h a t o n e 
o l i g o n u c l e o t i d e s t a y e d a t t h e o r i g i n . S i n c e t h e c h r o m a t o g r a p h i c 
c o n d i t i o n s h a v e b e e n c h o s e n i n s u c h a way t h a t o n l y t h o s e n u c l e o -
t i d e s w h i c h c o n t a i n t r i p h o s p h a t e - e n d s do n o t m i g r a t e ( c f . 20 and 
2 1 ) , t h e s e o b s e r v a t i o n s s u g g e s t t h a t t h i s o l i g o n u c l e o t i d e r e p r e -
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Table I 
Nucleotide sequences of the 5' and 3' terminal regions of the 8S RNA species 
synthesized in vitro under the direction of replicative form DNA of the 
phages M13 and fd 
5 ' GCTTGGTATAATCGCTGGGGGTCAAAGA 
3' CGAACCATATTAGCGACCCCCAGTTTCT 
pppGGGGGUCAAAGA 
ÎÎ 
TGGCTATGTTAATTTCCGAGGAAAACCTCGGAAAAAAAACCTCT 5' 
AUACAAUUAAAGGCUCCUUUUGGAGCCUUUUUUUU-OH 
1 
1 _ 2 5 3 
6 6 4 
The arrows refer to cleavage sites for pancreatic RNase within the 5' terminal 
region. 
The underlined sequences refer to products obtained after complete digestion 
of the 3' terminal region ("core fragment") with RNase Tj. 
The nucleotide sequences were taken from Hulsebos and Schoenmakers (personal 
communication) and from Sugimoto et dl. (20). 
s e n t s t h e 5 ' - t e r m i n a l r e g i o n of t h e in vivo s y n t h e s i z e d 8S RNA 
molecu l e . D i g e s t i o n of i t wi th r i b o n u c l e a s e Ti (RNase Ti) 
fol lowed by e l e c t r o p h o r e s i s a t pH 3.5 on DEAE-cel lulose paper 
r e v e a l e d t h a t i t has t he same n u c l e o t i d e compos i t ion ( F i g . 5; 
Table I I ) as t h e 5 ' - t e r m i n a l r eg ion (pppGpGpGpGpGpUp) of t h e in 
vitro s y n t h e s i z e d 8S RNA s p e c i e s . From t h e s e o b s e r v a t i o n s we 
conclude t h a t t h e 5 ' - t e r m i n a l r e g i o n s of both RNA s p e c i e s a r e 
i d e n t i c a l . I m p l i c i t in t h i s conc lu s ion i s t h a t t h e promoter 
Gn 1 0 which has been d e t e c t e d in vitro a l s o i s o p e r a t i v e in vivo. 
и. 1 о 
This c o n c l u s i o n i s f u r t h e r m o r e s u p p o r t e d by t h e f a c t t h a t w i t h i n 
t h e DNA r e g i o n (250 n u c l e o t i d e s ) p r e c e d i n g gene V I I I no o t h e r 
s t r e t c h e s of f i v e G r e s i d u e s fo l lowed by a Τ a r e p r e s e n t (T. 
Hulsebos and J . Schoenmakers, u n p u b l i s h e d d a t a r 2 3 ) . The o b s e r ­
v a t i o n s t h a t t h e r e l a t i v e molar y i e l d of t h e 5 ' - t e r m i n a l r e g i o n 
was a lmost e q u i v a l e n t t o one mole f u r t h e r m o r e s u g g e s t s t h a t t h e 
8S RNA m o l e c u l e s s y n t h e s i z e d in vivo a r e of one s i n g l e RNA s p e c i e s . 
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Fia . Radioautograph of the products obtained 
after digestion of the 5'-terminal oligonucleotide 
with RNase Tj and separated by one-dimensional 
lonophoresis on DEAE-paper at pH 3.5. The 51-
terminal oligonucleotide was separated from the 
other pancreatic RNase digestion products of the 
8S RNA species as described under Materials and 
Methods. To the right-hand side a diagram is given 
showing the nucleotide compositions of the dis-
tinct RNase Tj products. To confirm the identity 
of pppGp, it was digested with a large excess of 
snake venom phosphodiesterase and subjected to 
lonophoresis with pH 3.5 buffer containing 0.002 
M EDTA on Whatman 540 paper. This resulted in the 
production of inorganic phosphate, pyrophosphate 
and pGp. 
Table II 
Secondary analysis of the 5'-terminal oligonucleotide of the pancreatic RNase 
digest of the in vivo synthesized 8S RNA species a 
Relative molar yield Products of RNase Τ Nucleotide sequence of the 5' 
digestion c end of the 8S RNA species 
synthesized in vitro d 
pppGp(l), Gp(4), Up(l) pppGpGpGpGpGpUp-
The 5'-terminal oligonucleotide was eluted from the PEI-cellulose thin-
layer plate (Materials and Methods) and subjected to RNase Tj digestion 
followed by one-dimentsional electrophoresis on DEAE paper at pH 3.5 
Fig. 5). 
Number denotes the molar yield of the pancreatic RNase digestion product 
relative to 1 mole of the 8S RNA species. 
Numbers in parenthesis denote the molar yields of the Tj digestion products 
relative to 1 mole of the original oligonucleotide fragment. 
Nucleotide sequences of 5'-terminal pancreatic RNase product of the in 
vitro synthesized 8S RNA species (Table I). 
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Nualeotide sequence of the 2 '-terminal region. 
Sequence a n a l y s e s of t h e 8S RNA molecule made in vitro have 
i n d i c a t e d t h a t a f t e r normal d i g e s t i o n c o n d i t i o n s i t s 3 ' - t e r m i n a l 
r e g i o n can be i s o l a t e d as an RNase Tj r e s i s t a n t co re (20; L. 
Edens and J . Schoenmakers, unpub l i shed r e s u l t s ) . This i s most 
p robab ly due t o t h e f a c t t h a t t h i s r e g i o n i s a b l e t o form a t i g h t 
h a i r p i n l o o p . D i g e s t i o n of t h e in vivo s y n t h e s i z e d 8S RNA mole-
c u l e s wi th RNase Tj a l s o r e s u l t e d i n t h e format ion of an RNase Tj 
r e s i s t e n t co re which r e a d i l y could be s e p a r a t e d from t h e o t h e r 
d i g e s t i o n p r o d u c t s by Po lyac ry lamide ge l e l e c t r o p h o r e s i s (F ig . 6). 
Treatment of t h i s co re - f r agmen t w i th an excess RNase Tj ( 1 : 1 , 
w/w, enzyme t o RNA) fol lowed by e l e c t r o p h o r e s i s and homochroma-
tog raphy r e v e a l e d a f i n g e r p r i n t ( F i g . 7A) which was a lmos t i d e n -
t i c a l t o t h e one o b t a i n e d a f t e r RNase Tj d i g e s t i o n of t h e c o r e -
fragment of t h e 8S RNA s p e c i e s made in vitro (L. Edens and J . 
Schoenmakers, unpub l i shed r e s u l t s ) . 
As shown i n Table I I I (cf. F i g . 7B), for t h e v a r i o u s RNase 
Tj c l eavage p r o d u c t s of t h e co re fragment of t h e SS RNA s p e c i e s 
made in vivo an e q u i v a l e n t i s p r e s e n t among t h e RNase Ti p r o d u c t s 
of t h e 3 ' - t e r m i n a l r e g i o n of t h e 8S RNA molecule made in vitro. 
Fig. 6. Purification of RNase T^  
. , res is tant "core fragment" of the in vivo 
1 - O r i g i n synthesized 8S RNA species. Following 
digestion of the 8S RNA with Tj RNase 
(1:10, w/w, enzyme to RNA) the RNase 
res is tant core was separated from the 
other digestion products by means of 
electrophoresis on 15% Polyacrylamide 
gels containing 7M urea. 
- C o i 
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Fig . 7. A. Radioautograph of a two-dimensional separa t ion of the 
o l igonuc leo t ides obtained a f t e r complete d iges t ion of the "core fragment" 
(of. F ig . 6) with RNase T | ( 1 : 1 , w/w, enzyme to RNA). The f i r s t dimension 
cons i s t s of e l e c t ropho re s i s on ce l lu lose a c e t a t e - s t r i p s in pH 3.5 buffer 
containing 0.002 M EDTA. Homochromatography on DEAE-cellulose th in layer 
p l a t e s in the second dimension was ca r r i ed out according to Brownlee and 
Sanger (22) using homomixture "С" d i l u t e d t o 3% with 7 M urea . 
B. Radioautograph of the products obtained a f t e r d i g e s t i o n of 
the Tj o l i g o n u c l e o t i d e s of the "core fragment" (Fig. 7A) with p a n c r e a t i c 
RNase and separated by one-dimensional ionophores is on DEAE-paper a t pH 
3.5. To the r i g h t hand s ide a diagram i s given showing the nucleot ide 
compositions of the d i s t i n c t p a n c r e a t i c RNase p r o d u c t s . The symbols Xc 
and Mo r e f e r t o the blue marker xylene cyanol and the yellow marker 
methyl orange, r e s p e c t i v e l y . The f i n a l composition of the products was 
determined by a l k a l i d i g e s t i o n and a n a l y s i s of the products by t h i s 
t r e a t m e n t . The numbers r e f e r t o o l i g o n u c l e o t i d e s of the RNase Tj f inger­
p r i n t of the core fragment. 
Two of t h e RNase Ti d i g e s t i o n p r o d u c t s ( n r s . 3 and 4; F i g . 7B) 
do n o t c o n t a i n a G - r e s i d u e , h e n c e , t h e s e o l i g o - n u c l e o t i d e s a r e 
l o c a t e d a t t h e 3 ' - e n d of t h e 8S RNA m o l e c u l e . From t h e s e o b s e r ­
v a t i o n s we t h e r e f o r e c o n c l u d e t h a t t h e n u c l e o t i d e sequences of 
t h e 3 ' - t e r m i n a l r e g i o n s of t h e ïn vivo and in vitro s y n t h e s i z e d 8S 
RNA s p e c i e s a r e i d e n t i c a l . This c o n c l u s i o n i m p l i e s t h a t a l s o in 
vivo a t e r m i n a t i o n s i g n a l fo r t r a n s c r i p t i o n i s l o c a t e d immediate-
l y a f t e r gene V I I I . 
DNA sequence a n a l y s e s of t h e M13 genome have i n d i c a t e d t h a t 
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the oligo (dA)„ stretch of the termination signal is followed by 
а С (T. Hulsebos and J. Schoenmakers, unpublished results). Among 
the RNase T, products an oligo (UQ) stretch followed by a G has 
not been found (Table III) . These observations suggest that ter­
mination of transcription in vivo is very precise and that, simi­
lar to what has been found for the termination of transcription 
in vitro, it predominantly (> 95%) occurs after transcription of 
the eighth dA residue. 
Table III 
Secondary analysis of Τ oligonucleotides of the "core fragment" 
Τ fragment Relative molar Product of pancreatic Tj oligonucleotide of the 
yield c RNase digestion ^ "core" of the in vitro syn­
thesized 8S RNA, whose nu­
cleotide sequence complete­
ly corresponds to the di­
gestion data given in the 
third column e 
1 
2 
3 
4 
5 
6 
1 
1 
1 
<0.05 
1 
2 
ApUp(l),ApCp(l) , 
ApApUp(l),Up(l) , 
ApApApGp(l) 
Gp(l) ,Cp(3),Up(5) 
Cp(2),Up(7) 
Cp(2),Up(6) 
ApGp 
Gp 
ApUpApCpApApUpUpApApApGp 
CpUpCpCpUpUpUpUpGp 
CpCpUpUpUpUpUpUpUpU-OH 
CpCpUpUpUpUpUpUpU-OH 
ApGp 
Gp 
a. The Tj oligonucleotides as shown in Fig. 7A were eluted from the DEAE-
cellulose thin layer plate and subjected to pancreatic RNase digestion 
followed by one-dimensional electrophoresis on DEAE paper at pH 3.5 
(Fig. 7B). 
b. Numerical designation of oligonucleotides given in Fig. 7A. 
c. Numbers denote the molar yields of the Tj digestion products relative to 
1 mole of the original "core fragment". 
d. Numbers in parentheses denote the molar yields of the pancreatic digestion 
products relative to 1 mole of the original oligonucleotide fragment. The 
final composition was determined by alkali digestion and analysis of the 
produtcs by this treatment. 
e. Nucleotide sequences of the products obtained after complete digestion of 
the "core fragment" of the in vitro synthesized 8S RNA with RNase T. 
(see Table I) . 
Ill 
DISCUSSION 
From the results described in this study the conclusion 
seems to be justified that the M13 specific 8S RNA species syn­
thesized in vivo is completely identical to the 8S RNA species 
synthesized in vitro under the direction of M13 replicative form 
DNA. It may be implied from this that promoter G- .„ (Fig. 1) 
and the transcription termination signal T- „j. detected in vitro 
are also operative in the infected cell, thus giving support to 
the conclusion that the transcription of M13 RF occurs in vitro at 
a high fidility. The observation that within the RNase T.. resis­
tant core not only stretches with eight but also stretches with 
seven U residues (less than 5%) were found suggests that ter­
mination of transcription after the eighth U residue is not ab­
solute but that minor amounts of the RNA species also are termi­
nated one nucleotide earlier. A similar variance in termination 
also has been observed in vitro (7; L. Edens and J. Schoenmakers, 
unpublished data). 
The 3'-termini of several RNA molecules isolated from both 
in vivo and in vitro sources (24-29) have several characteristics 
in common. The striking aspects of these terminal sequences are: 
a. The string of 6-8 U's that forms an ultimate or penultimate 
series; 
b. The presence of a G-C rich block immediately preceding the 
terminal U's. This region has furthermore the intrinsic 
property to form a tight secondary structure (hairpin). 
The 3' terminus of the in vivo synthesized 8S RNA possesses simi­
lar characteristics thus lending support to the hypothesis that 
termination of transcription is the result of blockage of the 
motion of the RNA polymerase molecule by the G-C rich blocks 
followed by dissociation of the RNA from the DNA at the weak 
hydrogen bonding (Α-rich) region. It is tempting to speculate 
that the formation of the hairpin in the growing RNA chain in 
fact is the triggering signal for the RNA polymerase molecule to 
stop transcription and to release the RNA chain from the trans­
cription complex. 
In vitro transcription studies have indicated that the trans­
cription termination factor Rho has almost no effect on the ef-
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ficiency by which termination of transcription occurs at the 
termination signal located immediately after gene VIII. These 
observations might suggest that this termination factor also is 
not required for a proper termination of transcription in vivo. 
Whether indeed this is the case is currently under investigation. 
Generally one has assumed that the M13 specific RNA species 
would be made in vivo in amounts comparable to the mRNA species 
encoded by the host cell genome (3,4,15,30). The observation, 
that the 8S RNA species is made in the infected cell in amounts 
which comprise at least 2% of the total RNA made, therefore was 
very surprising and to our knowledge no other example is known 
in which an mRNA species is made in vivo in such a large amounts. 
The polypeptides encoded by genes V and VIII are synthesized 
both in vivo as well as in vitro in much larger quantities than 
the other phage encoded polypeptides (4,14,19). Furthermore, in 
vitro transcription studies have indicated that promoter G« _, 
and promoter G-
 1 0 (Fig. 1) are the strongest promoters located 
и · 10 
on the M13 genome (8,10). Consequently one would expect that in 
vivo at least one more M13 specific mRNA species (e.g. 14S RNA; 
initiated at promoter G. _, and coding for gene V protein) would 
be made in very large quantities. This, however, has not been 
observed. The reason for this might be the following: 
(i) The 8S RNA species is transcribed from a promoter (G0 1 8) 
which has in vivo a much higher affinity for RNA polymerase holo-
enzyme than in vitro ; 
(ii) In comparison to the other phage specific mRNA species 
the 8S RNA molecule has an extremely long physical and biological 
half-li fe time; 
(iii) The termination signal for the 8S RNA species is differ­
ent and much more active than the termination signal for the RNA 
species initiated at promoter G 0 0,. 
ad i Both short-term (3 min) and long-term (20 min) in vivo 
labelings experiments have indicated that the 8S RNA molecule is 
the major M13 specific RNA species made in the infected cell. 
These observations suggest that promoter G- .„ is much more ac­
tive in vivo than in vitro and in fact is the strongest promoter 
located on the M13 genome. This conclusion is furthermore support-
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ed by the observation that also in M13 RF harbouring mimcells 
the 8S RNA species is made in much larger amounts than the other, 
particularly 14S RNA, phage specific RNA species (4). The reason 
why these promoters have in vivo different affinities for RNA poly-
merase than in vitro can not be given yet. It might be that, 
besides the sigma factor, in vivo still other factors (e.g. phage 
encoded products) play a role in the binding of RNA polymerase to 
the promoter site. 
ad 11 Hybridization studies have indicated that at least some 
M13 specific mRNA species have a very long (at least 16 min) 
physical half life (31). Also early in the infection cycle an un-
usual long biological half-life was found for the transcripts 
coding for the major capsid protein (30,32). Extremely long half-
lives were also found for the mRNAs coding for gene VIII protein 
in M13 RF harbouring mimcells (13; M. Smits and R. Konings, un-
published results). Our present data suggest that the 8S RNA 
species has a mean half-life of 11 min. At present we do not know 
the physical half-lives of each of the other M13 specific mRNA 
species. For this reason no answer can be given yet to the 
question whether the observed differences m relative amounts 
between the M13 specific mRNA species can be explained, at least 
in part, by their differences in physical stability. 
ad i n Transcription studies have indicated that the amounts of 
a particular RNA species made is strongly dependent on the 
efficiency by which termination of· transcription occurs (24). 
Both in vitro as well as in vivo transcription and translation 
studies have, however, indicated that the RNA species (14S) ini-
tiated at promoter G» „, are terminated at the same transcription 
termination signal as the 8S RNA species (8, 10). Consequently 
the differences in relative amounts of the 8S and 14S RNA species 
can hardly be explained from a difference in efficiency by which 
termination occurs. In conclusion it appears that, besides trans-
criptional control mechanisms in the infected cell still other 
mechanisms are operative which ensure that gene V protein is made 
in much larger amounts than most of the other phage encoded poly-
peptides . In vitro protein synthesis studies have indicated that 
on a polycistronic mRNA molecule the translation of the gene V 
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cistron (and of the gene VIII cistron) is favoured above the 
translation of the other cistrons (10). For these reasons re-
gulation of protein synthesis at the level of translation has to 
be considered as one of the alternative regulatory mechanisms. 
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ABSTRACT 
Hybridization studies have indicated that on the M13 genome 
there are located regions which are transcribed ъп vivo with a high 
as well as with a low frequency. The region with the highest 
transcriptional activity coincides with the region coding for the 
polypeptides which during the infection cycle are needed most 
abundantly (gene V-and gene VIII-protein) . The hybridization stu­
dies furthermore have indicated that at least a number of the pro­
moters previously detected in vivrò are operative in the infected 
cell. In addition the experimental data are consistent with the pre-
sence of three transcription termination signals on the M13 genome. 
With the aid of analytical and preparative hybridization 
studies we have been able to establish that during the infection 
cycle at least eleven M13-specific RNA species are made which 
range in size from 280 to 2000 nucleotides. The six major RNA 
species (i.e. an 8S RNA with 370 nucleotides, a 9S with 420, 
three IIS species with 760, 810 and 860 nucleotides and a 14S 
species with 1140 nucleotides) are encoded by the region with the 
highest transcriptional activity (located between the N-terminal 
end of gene X and the C-terminal end of gene VIII). Character-
ization of these RNA species with respect to their genetic origin, 
codogenic properties and nucleotide sequences has indicated that 
their synthesis is terminated at the previously detected Rho-
mdependent transcription termination signal T. __, which is 
located immediately after gene VIII. From the data obtained it 
furthermore could be deduced that the 5'-termini of these RNA 
species are located as follows: for the 8S RNA immediately in 
front of gene IX (promoter G»
 1 8 ) , the 9S RNA within or immediate-
ly distal to the 5'-end of gene VII, the three IIS RNAs within 
the C-terminal end of gene X and the 14S RNA immediately in front 
of gene X. Analyses of the 5'-ends of the major RNA chains syn-
thesized in vivo have indicated that four (i.e. the 9S and three 
Abbreviations: RF, replicative form DNA,- NaCl/Cit = 0.15 M NaCl, 0.015 M 
sodium citrate, pH 7.0. 
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IIS species) out of the six RNA species are the result of pro­
cessing of precursor molecules. For this processing the RNA 
processing enzymes RNase III, RNase E, and RNase Ρ are not re­
quired. The meaning of these results, in terms of the mechanisms 
by which the expression of the M13 genome is regulated, is 
discussed. 
INTRODUCTION 
The F-specific filamentous coliphage M13 in composed of a 
circular single-stranded DNA molecule (AÍ = 1.98 χ 10°; 6407 
nucleotides) (1) encapsulated m a protein tube consisting of 
about 2400 molecules (M = 5200) encoded by gene VIII and five 
or six molecules encoded by gene III (M = 42600). Recently two 
other minor protein components were found to be present within 
the virion (2). One of these has a molecular weight of 3650 and 
is encoded by gene IX. The genetic origin of the other minor 
component (M = 11500) is still unknown. 
After infection of an Escherichia coli cell with phage M13, 
not all virus-encoded proteins are synthesized in equimolar 
amounts. Some proteins, such as the helix-destabilizing protein 
encoded by gene V and the major capsid protein encoded by gene 
VIII, are synthesized in much larger quantities than the other 
phage-specific polypeptides (3-5). These two proteins are also 
the major products synthesized in M13-DNA-directed reations in 
vitro (6-8) . 
Transcription and translation studies in vitro have indicated 
that at least two regulatory mechanisms are responsible for this 
diversity in gene expression (9). One mechanism regulates the 
expression at the level of transcription while the other operates 
at the level of translation. According to the transcription regu­
latory mechanism, the diversity in gene expression is accomplish­
ed by a transcription process in which RNA synthesis is initiated 
at nine different promoter sites but is terminated at only one 
single Rho-independent termination signal (T
n
 _») which is lo­
cated immediately after gene VIII (Fig. 1). Such a cascade-like 
mechanism of transcription thus leads to a stepwise gradient of 
transcriptional activity along the phage genome. It also results 
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Fig. 1. Circular genetic шар of the filamentous coliphage M13. The 
Roman numerals refer to the genes. X refers to a gene which completely 
overlaps with the carboxy-terminal end of gene I I . The direction of 
transcription is as indicated. The bars refer to promoters located on 
the M13 genome with the aid of transcription and translation in vitro: 
black bars stand for G promoters and hatched bars for A promoters. The 
starting nucleotide of the RNA chains in i t ia ted at Xo.25 1 Ξ n o t yet 
known. The subcnpts are the positions of the promoters on the physical 
map. TQ_25 stands for the .RTzo-independent termination signal for trans­
cription. IG refers to the mtergenic region in which the replication 
origins for both the viral and complementary strands are located. The 
single s i te at which RF i s cleaved with res t r ic t ion endonuclease Binali 
i s indicated. This s i te serves as a reference (zero) point on the 
physical map. 
in a maximum e x p r e s s i o n of t h e genes whose p r o d u c t s d u r i n g t h e 
i n f e c t i o n c y c l e a r e most ly a b u n d a n t l y needed (genes V and V I I I ) . 
As shown i n F i g . 1, our s t u d i e s in vitro have i n d i c a t e d t h a t 
most genes a r e p r e c e d e d by a p r o m o t e r . E x c e p t i o n s a r e genes VII 
and V I I I , whereas two a d d i t i o n a l RNA i n i t i a t i o n s i t e s ( i . e . 
G
n
 . , and G ) a r e l o c a t e d w i t h i n gene I I . For promoter G.
 n
, 
i t has f u r t h e r m o r e been found t h a t t h i s i s s i t u a t e d immedia te ly 
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in front of the DNA region which has been shown to code for a 
polypeptide (X—protein) identical to the carboxy-terminal frag-
ment of gene II-protein· The strongest promoters (Gn », and Gn . 0) 
are located in the region proximal to the 5'-end of Tn __. 
This cascade transcription model of gene regulation is only 
warranted if one can prove that it is also operative in the in-
fected cell, that means if one can prove that both the promoters 
as well as the termination signal detected in vitro also function 
as such in vivo. Previously we reported that this is true for the 
strong promoter G0 .„ and for the termination signal T- __ (10). 
Several observations made with minicells harbouring M13 replica-
tive form DNA, however, have been in conflict with the transcrip-
tion model in vitro (5,9). For example we have found that only some 
of the M13-specific RNA species synthesized in minicells have an 
equivalent among the RNA species synthesized in vitro. In addition 
it was found that the sizes of the largest M13-specific RNA 
species synthesized in minicells were shorter than those of the 
largest RNA species synthesized in vitro (i.e. those initiated 
at promoter X0 _c and at the weak A promoters; cf. Fig. 1). To 
substantiate these observations and to investigate whether the 
observations made with the miniceli system are really represen-
tative for the situation in vivoj we have continued our efforts 
towards the isolation and characterization of the M13-specifled 
mRNA species synthesized in the infected cell. 
In this paper evidence will be presented that the synthesis 
of at least the major six RNA chains synthesized in vivo is ter-
minated at T. __. In addition it will be demonstrated that a 
number of these RNA species are the result of processing of 
precursor molecules. Transcriptional activity measurements have 
furthermore indicated that, besides Tn __, two other transcrip-
tion termination signals are located on the M13 genome. 
MATERIALS AND METHODS 
Bacteria and phages. 
Escherichia coli strain K38 (S26 Re) was used for the culti-
vation of M13 phages, for the isolation of M13 replicative form 
DNA (RF)(11) and for the preparation of RNA from infected and 
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u n i n f e c t e d c e l l s . The DNA-dependent and RNA-dependent p r o t e i n -
s y n t h e s i z i n g sys tems were p r e p a r e d from E.aoli AB301 (Hfr, P021, 
met', BYJ his-95, rnalS, rel-l,\). E.aoli AB301-105 (Hfr, P021, met', 
Ъі,Ыз-9Ъ, Ъго-З, suc , т а 1 9 , та1053rel-Ι,λ), an RNase I I I - s t r a i n , 
and E.aoli A49 (arg
 л
 gly
 л
 fry , loa Ζ , Sm ) , a t e m p e r a t u r e - s e n s i t i v e 
STI 
RNase Ρ mutant, were obtained from W. Studier and R. Cortese, 
respectively. The temperature-sensitive RNase E mutant E.coli 
N3071 {me 105, RNase E ), was kindly supplied by D. Apirion. 
+ + 
This strain was made F by crossing with E.aoli KMBL 2019 (F , 
his , trp ). Bacteriophage M13 wild-type was from our own stock. 
Materials. 
The restriction endonuclease TaqZ was purchased from the 
Microbiological Research Establishment (Porton Down). E.aoli RNA 
polymerase holoenzyme was a generous gift of Dr. R. Schilperoort 
(Leiden). The ribonucleotide markers were obtained from P-L 
Biochemicals, Inc. (Milwaukee). 
Isolation of DM. 
M13 RF was isolated from infected cells of E.aoli K38 by a 
cleared-lysate method (11) and digested with the restriction 
endonuclease Taql using the conditions previously described (11). 
The recombinant plasmids pBRH2-M13 ЯаеІІІ-О (pPW202), pBRH2-M13 
Taql-U-Haelll-B (pPWSOl), and pBR325-fdll Èco RI-Eco RII-A were 
constructed and kindly supplied by Drs. P. van Wezenbeek and T. 
Meyer, respectively. pPW202 was made by insertion of the M13 
fragment йаеІІІ-D (nucleotide sequence 5867-6180 (1)) into the 
single EaoRI site of pBRH2. For this integration EaoRI linker 
molecules were used. Fragment ЯаеІІІ-D harbors the promoter G.
 0 0 
detected in vitro and the N-terminal end of gene II (cf. Fig. 1). 
pPWSOl was constructed by using similar methods with the ex­
ception that in this case fragment Taq I-H-Haeni-B was inserted. 
This fragment (nucleotide sequence 1127-1396 (1)) harbours the 
promoter G- .„ detected in vivo, the C-terminal end of gene VII, 
gene IX, and the N-terminal end of gene VIII (cf. Fig. 1). The 
fdll fragment(i.e. EaoRI- EcoRII-A; nucleotide sequence 5727-1014 
(23)),inserted into pBR325, harbours promoter G. __, the complete 
gene II (and X), and the N-terminal end of gene V (Fig. 1). 
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Recombinant plasmid DNAs were isolated from strain E.eoli K12 
JA221 (C600, r-m , ЬгрЕъ, leu , recA ) by using procedures previous­
ly described (11). DNA was labeled in vitro by nick translation 
with DNA polymerase I (Boehringer) and [a-32P]dCTP (450 Ci/mmol) 
(12), 32P-labeled single-stranded phage DNA was isolated from 
purified M13 phages by using procedures previously described (7). 
Isolation of RNA. 
RNA was isolated from infected or uninfected cells by the 
procedure previously described (10). After two ethanol precipita­
tions the dried RNA pellets were dissolved in 10 mM Tris/HCl, 
10 mM МдСІ2 (pH 7.9) and incubated for 30 min at 370C with pan­
creatic DNase I (Worthington; 1 yg/50 yg nucleic acids) previous­
ly freed of contaminating RNase by chromatography on a UMP-aga-
rose column (13) . After incubation the RNA mixture was extracted 
twice with phenol saturated with buffer A (0.01 M Tris/HCl, 0.1 
M NaCl, and 1 mM EDTA, pH 7.0). Finally the RNA was concentrated 
by precipitation with ethanol as described. 
The methods for labeling of the RNAs with [3H] -uridine or 
[32P] -phosphate have been described (5,10). 
Gel electrophoresis, 
For the fractionation of the RNA species on vertical slab 
gels (20 χ 10 χ 0.2 cm) two gel systems were used. The Polyacryl­
amide system was identical to the one previously described (10). 
The other system consisted of agarose (1.5% or 2%) in 50 mM 
Н3ВОз, 5 mM Ν32Β407· IOU20, 10 mM N3250,+ , 1 mM EDTA, and 0.1% 
sodium dodecylsulphate (pH 8.2). Immediately before application 
to the agarose gel, the RNA samples were dissolved in electro­
phoresis buffer, containing 15 mM methyl mercury hydroxide 
(СНзНдОН; Alfa, Ventrón), 10% sucrose (w/v), 0.1% sodium dodecyl-
sulphate, and 0.004% (w/v) bromphenolblue (14), and heated for 
3 min at 80 C. After electrophoresis (5 h at 60 mA) the separated 
RNA species were either extracted from the gel segments by 
electroelution (in 5 mM Tris/acetate, 2 mM sodium acetate, 2 mM 
EDTA, 5 mM 2-mercaptoethanol and 0.1% sodium dodecylsulphate, 
pH 7.8) or they were transferred to diazobenzyloxymethyl-cellu-
lose paper. 
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Cell-free protein synthesis. 
Cell-free protein synthesis, under the direction of Ml 3 RF 
or under the direction of the mRNA species synthesized in vivo, 
was carried out as described previously (10,11). The synthesized 
polypeptides were analysed on 15% dodecylsulphate/Tns/glycine/ 
Polyacrylamide gels containing 0.5 M Tns/HCl, 0.002 M EDTA, 0.1% 
sodium dodecylsulphate, and 8 M urea, pH 8.0 (11). The electrode 
buffer contained 10 mM Tns/HCl, 77 mM glycine, 0.1% sodium 
dodecylsulphate and 6 M urea, pH 8.9. 
RNA synthesis in vitro. 
RNA synthesis in vitro was performed in a standard trans­
cription reaction mixture (0.05 ml) which contained 2 pmol Tris/ 
HCl (pH 7.9), 7.5 μπιοί KCl, 0.4 pmol МдСІг, 0.005 ymol dithio-
threitol, 0.005 ymol EDTA, 10 vq bovine serum albumin, 10 ид 
gelatine, 0.2 pmol M13 RF and 2 pmol E.coli RNA polymerase holo-
enzyme (15) . After a preincubation period of 5 min at 37 С, ribo-
nucleoside triphosphates were added to a final concentration of 
200 μΜ, except for the [o-32P]-labeled triphosphate whose con­
centration was 40 μΜ. Initiation of RNA synthesis was allowed to 
proceed for 2 m m after which time nfampicin (final concentra­
tion 25 ug/ml) was added. After a further incubation of 10 min 
at 37 C, 10 yg of carrier tRNA (E.coli , Boehnnger, Mannheim) was 
added and the reaction mixture was extracted twice with phenol 
saturated with buffer A containing 0.1% sodium dodecylsulphate. 
Subsequently the RNA was precipitated twice with cold ethanol as 
described. 
Transfer of restriction enzyme fragments to nitrocellulose filters 
('Southern blots'). 
After fractionation of the Taql. restriction enzyme fragments, 
the gel slab was immersed for 30 min at room temperature in a 
solution containing 1 M КОН. Subsequently this solution was neu­
tralized by the addition of an equal volume of 1 M HCl followed 
by the same volume of 1 M Tns/HCl (pH 7.0). After 30 m m at room 
temperature the gel was soaked for 20 min in a solution contain­
ing 6 χ NaCl/Cit (NaCl/Clt = 0.15 M NaCl, and 0.015 M sodium 
citrate, pH 7.0). The DNA fragments denatured in situ were trans-
127 
ferred to nitrocellulose filters according to the procedure des­
cribed by Southern (16). Radioactivity measurements have indi­
cated that the TaqI fragments were transferred to the filter with 
almost equal efficiency (90-95%). 
Transfer of RNA to diazobenzyloxmethyl-aellulose paper ('Northern blots'). 
m-Nitrobenzyloxymethyl was prepared from m-nitrobenzyloxy-
methyl-pyridinium chloride and Whatman 540 paper, by a modifi­
cation of the methods described by Alwine et al. (17). Whatman 
540 paper was saturated with the chloride by soaking the paper 
once in 70% ethanol containing 10% (w/v) m-nitrobenzyloxymethyl-
pyndinium chloride and 2.5% (w/v) sodium acetate and once in 
100% ethanol containing 10% (w/v) of the chloride. The paper was 
stored at this stage in a desicator at 4 C. After conversion 
into the diabenzyloxymethyl-form (17), the paper was washed five 
times, for 1 min each, with cold water and then with ice-cold 
50 mM potassium phosphate buffer, PH 5.5. After fractionation of 
the RNA species under denaturing conditions on the СНзНдОН-
agarose gels, the gel was prepared for transfer of the RNA to 
the paper by placing the gel for 40 min at room temperature in 
50 mM NaOH containing 5 mM 2-mercaptoethanol. Then the gel was 
treated twice (10 m m at room temperature) with 0.5 M potassium 
phosphate (pH 5.5) containing 7 mM lodoacetic acid and once with 
25 mM potassium phosphate (pH 5.5). Finally the gel was treated 
for 10 m m with the same buffer at 0 C. Transfer of RNA from the 
gel to the paper was carried out m the cold room (4 C) by using 
the technique described by Southern (16). 25 mM potassium phos­
phate (pH 5.5) was used as transfer buffer. 
Coupling of DNA to diazobenzyloxymethyl-cellulose. 
Denatured RF was covalently coupled to diazobenzyloxymethyl-
cellulose essentially as described by Noyes and Stark (18). The 
coupling reactions were carried out at 0oC at cellulose concen­
trations of 15-20 mg dry weight/ml and DNA concentrations vary­
ing over 50-250 vg/ml. 5 mM H3BO3, 5 mM KCl containing 80% 
dimethylsulphoxide (pH 8.0) was used as coupling buffer. Routine­
ly over 75% of the input DNA was found to be coupled to the 
diazobenzyloxymethyl-cellulose. 
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Bybvidization of RNA to DM bound to nitrocellulose('Southern hybridization'). 
After transfer of the restriction enzyme fragments to the 
nitrocellulose/ the filters were incubated (2-48 h at 650C in 
2 χ NaCl/Cit containing 0.1% sodium dodecylsulphate) with heat-
denatured RNA (5 min at 80 С) in flat-bottomed tightly sealed 
Perspex boxes (170 χ 20 χ 0.5 mm). After hybridization the fil­
ters were washed extensively under hybridization conditions to 
remove the unbound labeled probe. Subsequently the filters were 
treated for 30 min at 37 С with a mixture of RNase Ti and RNase A 
(10 yg/ml each) in 2 χ NaCl/Cit. Finally the filters were washed 
again with 2 χ NaCl/Cit and thereafter dried in air. The DNA 
bands hybridized with the RNA probes were visualized by contact 
with X-ray film (Kodak X-Omat R-film XR-5), with or without 
intensifying screen (Lightning Dupont). 
When the RNA was labeled with [3H]-uridine, the DNA bands 
hybridized with the RNA probes were visualized by fluorography. 
To do this the dried nitrocellulose strips were dipped through 
a solution of 20% (w/v) diphenyloxazol (PPO) in toluene, dried 
in air for 20-30 min and exposed to preflashed X-ray film at 
-70 C. After autoradiography the different DNA bands were ex­
cised and the radioactivity was measured in a Packard liquid 
scintillation spectrometer. 
Hybridization of DNA to RNA aovalently aoupled to cellulose paper 
('Northern hybridization'). 
Hybridization of heat-denatured 32P-labeled DNA to RNA 
covalently bound to diazobenzyloxymethylcellulose was performed 
by a procedure similar to that used by Alwine at al. (17). 
Hybridizations were carried out in flat-bottomed tightly sealed 
Perspex boxes (170 χ 20 χ 0.5 mm). 
Isolation of RNA by preparative hybridization to DNA aovalently aoupled 
to cellulose. 
All hybridizations were carried out in screw-capped centri­
fuge tubes in a total volume of 1-3 ml. DNA-cellulose was suspen­
ded in 50% formamide buffer (0.1 M Tris/HCl, 0.6 M NaCl, 1 mM 
EDTA, and 0.1% sodium dodecylsulphate, pH 7.4, in 50 % formamide) 
and RNA to be assayed was added. The suspension was mixed 
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thoroughly, heated for 5 min at 80 C, and cooled directly to 
37 С Samples were incubated for at least 24 h and mixed by 
continual inversion of the tube. Following incubation the hybrid­
ization solution was withdrawn and the cellulose was washed twice 
by resuspension in 2 vol 40% formamide buffer and for several 
times in 2 χ NaCl/Cit till no radioactivity could be detected in 
the washing fluid. Finally the cellulose was washed twice with 
25% formamide buffer. Hybridized RNA was eluted by resuspendmg 
the cellulose in 99% formamide containing 0.1% sodium docecyl-
sulphate followed by heating for 2 m m at 60oC. This procedure 
was repeated once and the RNA m the combined eluates was re­
covered by precipitation with ethanol as described. 
Chavaoterization of 5'-terminal rtbonualeotides. 
Combined pancreatic RNase A and RNase T2 digestions were 
made in 20 mM NaOAc, 1 mM EDTA, pH 4.5. Digestions were carried 
out for 2 h at 37 С at an enzyme: substrate ratio of 1:10 (w/w). 
Thinlayer chromatograms on polyethyleneimine plates were develop­
ed stepwise with water to the origin, with 0.5 M LiCl in 1 M 
HCOOH to 10 cm, and with 1.5 M LiCl in 1 M HCOOH to 20 cm (19). 
Isolation and eharaotemzation of 3'-terminal fragments. 
The 3'-terminal fragments of the major RNA species synthes­
ized in vivo were isolated and characterized by using the proce­
dures previously described (10). 
RESULTS 
Сгаагепі of transariptional activity. 
Transcription of M13 RF in vitro leads to a stepwise gradient 
of transcriptional activity along the phage genome with its 
maximum level immediately proximal to the 5'-end of the Rho-
mdependent transcription termination signal T. „_ (9). The over­
all shape of the gradient is thus determined by the number, 
position and strength of the promoters and by the efficiency with 
which termination of transcription occurs. 
If such a cascade-like mechanism of transcription is also 
operative in the infected cell, then hybridization of pulse-
labeled RNA species synthesized in vivo to different well-defined 
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Fig· 2. Transcriptional activity along the genome of bacteriophage M13 
during its expression in vivo. Pulse-labeled or long-term labeled RNA was 
isolated from infected cells and hybridized to an excess of blotted Taql 
fragments. The amounts of radioactivity present in each hybrid was correc­
ted for background radioactivity (radioactivity present on a corresponding 
filter area of a blot which was hybridized to RNA isolated from un­
infected cells). Transcriptional activity is expressed in the following 
way: transcriptional activity = 100 χ counts hybridized to fragment X/ 
size of fragment X in nucleotides. The genetic map and the physical order 
of the Taql fragments are indicated. The positions of the promoters and 
termination signals deduced from our studies in vitro and in vivo, respec­
tively are also indicated. Explanations of the other symbols are given in 
the legend to Fig. 1. In the insert is shown: (1) a gel electropherogram 
of the TaqT fragments prior to blotting; (2) an autoradiograph of the 
hybrids formed after hybridization of the RNA species synthesized in vivo 
to the blotted Taql fragments. Note that on Polyacrylamide gels, which 
have previously been used to order the Taql fragments (1), the relative 
electrophoretic mobility of fragments Η and G is reversed. 
regions (e.g. restriction enzyme fragments) of the M13 genome 
should result in a gradient of specific radioactivity(proportion-
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al to the transcriptional activity) between the hybrids formed 
with the different DNA fragments. Under hybridization conditions 
of DNA in excess, the highest specific radioactivity (= region 
with highest transcriptional activity) should be present m the 
hybrids formed with the DNA fragment which is located immediately 
upstream to the termination signal Τ ,. (Fig. 1) . Accordingly, 
the lowest specific radioactivity should be present in the 
hybrids formed with the fragment which is situated immediately 
downstream to the central terminator. As shown in Fig. 2, hybrid­
ization of pulse-labeled RNA species synthesized in vivo to 
blotted Taq I restriction enzyme fragments resulted in the form­
ation of hybrids with different specific radioactivities. Hybrids 
of high specific radioactivity are formed with the fragments E, 
C, H, F, while hybrids of low specific radioactivity are formed 
with the fragments I and G. Hybrids of intermediate specific 
radioactivity are formed with the fragments Aj, A2, В and D. 
Almost identical results were obtained when long-term labeled 
RNA species, instead of pulse-labeled RNA species, were hybridized 
to the DNA fragments. 
Since the physical order, m the 5' -> 3 ' direction of trans­
cription, of the TaqT. fragments is 5 '-E-B-I-A2-A1-G-D-C-H-F-3 ' 
(Fig. 2), with fragment F harbouring the termination signal 
T
n
 p5, these observations clearly demonstrate: first, that the 
region with the highest transcriptional activity is located 
immediately proximal to the 5'-end of Τ. -~, and second that both 
regions with a high as well as with a low transcriptional activi­
ty are located on the Ml 3 genome. 
In a previous paper (10) we have demonstrated already that 
in the infected cell only one МІЗ-specific RNA species is made 
in very large amounts (representing at least 2% of the newly 
synthesized RNA). This RNA species (8S RNA) is initiated at the 
same promoter (G« .„; Fig. 2) and terminated at the same termin­
ation signal (Τ
η
 -с) a s t^6 8 s R N A species synthesized in vitro 
under the direction of M13 RF. Our observation that the region 
with the highest transcriptional activity is located immediately 
upstream to T
n
 25 l s therefore completely consistent with these 
observations. 
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The observation that regions with a high (or moderate) 
transcriptional activity are followed by regions of significantly 
lower transcriptional activity suggests that within or proximal 
to the latter regions (i.e. fragments F, G and I ; Fig. 2) a 
transcription termination signal is located. As far as fragment 
F is concerned, this conclusion is completely justified by our 
previous observations (10) which have shown that terminator T
n
 „ 
is located 57 nucleotides distal to the 5'-end of fragment Ta^I-F 
(10, 20) . 
From the observation that fragments I, G, D and С (Fig. 2) 
are followed by regions with a higher transcriptional activity 
we also infer that a promoter site is located within or distal 
to the 5'-ends of these fragments. Furthermore, if it is assumed 
that the termination signal T.
 2 5 is not leaky, our data also 
suggest that a promoter site is located within the region between 
genes VIII and III. 
Generally, the observed distribution of transcriptional 
activity along the Ml 3 genome is different from and more complex 
than the distribution one would expect on the basis of the multi-
promoter single-terminator transcriptional model deduced from 
our studies in vitro (9). In this connection it may be mentioned 
that Knstina Neugebauer and Heinz Schaller have reached almost 
identical conclusions in their studies on the expression in vivo 
of the genome of phage fd, a phage which is closely related to 
M13 (K. Neugebauer and H. Schaller, personal communication). 
To understand the transcription process in vivo in more 
detail and to gain more direct information about the size and 
number of the M13-specific RNAs present m the infected cell, we 
have initiated a study towards the isolation and characterization 
of these RNA species. The results of these studies are described 
below. 
Isolation and eharaetevization of the MlS-speaific RNAs made in the 
infected cell. 
Escherichia coli cells infected with M13 are neither lysed nor 
killed but continue to grow and divide exponentially, although 
at a slower rate than uninfected cells (21). As a consequence the 
identification and characterization of phage-specific RNA species 
133 
9S-< 
8S-t 
i * 
Щ Щ m 
Фк m 
-14S 
:iisrb 
- 9 S 
- 8 S 
5S ~ 
Il *|J 
Fig. 3. (a) Autoradiographs obtained a f t e r f r a c t i o n a t i o n on 2.5% Poly­
acrylamide ge l s of the Згр-іаЬеІеа RNA species synthesized in E.aoli-
K38 from (1) M13-infected c e l l s and (2) uninfected c e l l s . 
(b) Fluorographs obtained a f t e r f r a c t i o n a t i o n on 2.5% Poly­
acrylamide ge l s of [Зн]-ur id ine- labe led RNA species synthesized in E.aoli 
ΆΒ301-105 (RNase I I I " ) . Lanes: (1) RNA from infected c e l l s and p u l s e -
labeled for 2 min; (2) RNA from uninfected c e l l s and pu l se- labe led for 
2 min,- (3) RNA from infected c e l l s and labeled for 20 min; (4) RNA from 
uninfected c e l l s and labeled for 20 min. Gels were run in the presence 
of 7 M urea . The approximate sedimentation c o e f f i c i e n t s of the RNA 
species are i n d i c a t e d . 
among t h e b u l k of g e n e p r o d u c t s e n c o d e d by t h e h o s t - c e l l genome 
i s h a m p e r e d . D e s p i t e t h i s h a n d i c a p we h a v e a l r e a d y b e e n a b l e t o 
i d e n t i f y t h e m a j o r M 1 3 - s p e c i f i c RNA s p e c i e s ( i . e . 8S RNA; 370 
n u c l e o t i d e s ) s y n t h e s i z e d in vivo j u s t by c o m p a r i s o n o f t h e a u t o ­
r a d i o g r a p h s o b t a i n e d a f t e r f r a c t i o n a t i o n on P o l y a c r y l a m i d e g e l s 
of t h e RNAs s y n t h e s i z e d i n i n f e c t e d a n d u n i n f e c t e d c e l l s ( 1 0 ) . 
F r e g u e n t l y we o b s e r v e d ( a f t e r e x p o s u r e o f t h e X - r a y f i l m f o r a 
1 3 4 
longer period of time) that in the infected cell, five additional 
RNAs are present which have no counterpart among the RNAs syn­
thesized in the uninfected cell (Fig. 3): i.e. a 9S RNA species 
of approximately 420 nucleotides, three IIS species of 860 (a), 
810 (b) and 780 (c) and a 14S species of 1140 nucleotides. 
Generally the presence in the infected cell of these RNA species 
was more recognisable when they were isolated from cells (pulse 
or long-term labeled) deficient in the RNA processing enzyme 
RNase III (Fig. 3b). Under these conditions the relative amount 
of the 8S RNA species increased from 2% to about 7-8% of the 
newly synthesized RNA. An increase in relative amounts has also 
been observed when the RNAs were isolated from wild-type infected 
cells labeled at late times after infection or from cells in­
fected with M13 amber (killer) mutants (data not shown). These 
observations therefore suggest that the increase in relative 
amounts of phage-specific RNAs is not primarily caused by the 
mutation in the gene coding for RNase III, but merely is a re­
flection of the physiological condition (growth rate) of the in­
fected cell. During the preparation of this paper we learned 
from Cashman and Webster (21) that they have reached similar 
conclusions in their studies on the expression in vivo of the 
genome of the closely related phage fl. 
To find out whether the five newly discovered RNA species 
really are encoded by the M13 genome and whether, during the 
infection cycle, still more M13-specific RNAs are made, we have 
tried to isolate the phage-specific RNAs by means of preparative 
hybridization to denatured RF covalently coupled to a cellulose 
or agarose matrix. In addition use was made of a completely 
complementary technique (so-called 'Northern hybridization1). 
This method does not use DNA-cellulose but, after fractionation 
under denaturing conditions on СНзНдОН-agarose gels, the total 
cellular RNA is transferred and subsequently covalently bound to 
a cellulose matrix. This RNA-cellulose paper is then used for 
hybridization studies with denatured 32P-labeled replicative form 
DNA and/or cloned restriction enzyme fragments of M13 RF. As 
shown in Fig. 4a, hybridization of 32P-labeled RNA isolated from 
M13-infected cells to RF coupled to cellulose resulted in the 
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Fig. 4. Autoradiographs of ^zp-^abeiLeci RNA spec ies , (a) Autoradiographs 
obtained a f t e r f r a c t i o n a t i o n on Polyacrylamide ge l s of the 32p_i
a
beled 
RNA species synthesized in M13-infected c e l l s (lane 1) which hybridize 
t o denatured RF covalent ly coupled to diazobenzyloxymethyl-cel lulose 
(lane 2 ) . An autoradiographic p a t t e r n of RNA species synthesized in vitro 
under the d i r e c t i o n of M13 RF i s shown in lane 3. (b) Autoradiographs 
obtained a f t e r h y b r i d i z a t i o n of denatured 3 2р_^
а
) ; , е і е ( з щ з RF t o b l o t t e d 
unlabeled RNA species i s o l a t e d from M13 infected (lanes 3 and 4) and 
uninfected (lane 5) c e l l s . P r i o r to t r a n s f e r t o the paper the RNA species 
were f r a c t i o n a t e d on 2% СНзНдОН-адагове g e l s . Lane 1: autoradiograph 
obtained a f t e r f r a c t i o n a t i o n of -'2p_i
a
) ; ) eje c3 ^^д species i s o l a t e d from 
infected c e l l s . Lane 2: autoradiograph obtained a f t e r t r a n s f e r of 32p_ 
labeled RNA species synthesized in M13 infected c e l l s (lane 1) t o the 
paper. The labeled and unlabeled RNA species were run in p a r a l l e l . The 
autoradiographic film was exposed with (lane 4) and without (lanes 1,2,3 
and 5) an i n t e n s i f y i n g screen. 
r e t e n t i o n o f s i x m a j o r and a t l e a s t o n e m i n o r RNA s p e c i e s . The 
s i z e s o f t h e m a j o r RNA s p e c i e s a r e i d e n t i c a l t o t h o s e d e t e c t e d 
i n t h e i n f e c t e d c e l l w i t h o u t p r i o r h y b r i d i z a t i o n ( F i g . 3 and 4 ) . 
The m i n o r , 19S, RNA s p e c i e s i s a b o u t 2000 n u c l e o t i d e s l o n g . Of 
t h e RNAs r e t a i n e d by t h e c o l u m n o n l y t h r e e ( i . e . t h e 8S, 14S a n d 
19S s p e c i e s ) c o m i g r a t e on t h e g e l s w i t h RNAs s y n t h e s i z e d in vitro 
u n d e r t h e d i r e c t i o n o f M13 RF ( F i g . 4 a ) . The o b s e r v a t i o n t h a t no 
r e t e n t i o n o f RNA s p e c i e s c o u l d b e d e m o n s t r a t e d when t h e y w e r e 
i s o l a t e d f rom u n i n f e c t e d c e l l s s u g g e s t s t h a t a l l t h e RNA s p e c i e s 
r e t a i n e d by t h e D N A - c e l l u l o s e a r e e n c o d e d by t h e M13 g e n o m e . 
A l m o s t i d e n t i c a l c o n c l u s i o n s w e r e r e a c h e d when, a f t e r f r a c t i o n -
1 3 6 
ation on СНзНдОН-адагозе gels, the RNA species present in the 
infected cell were covalently bound to a cellulose matrix and 
the M13-specific RNAs subsequently'visualized' by hybridization 
with denatured 32P-labeled replicative form DNA (Fig. 4b). In our 
hands this technique proved to be very reproducible and even more 
sensitive then the preparative hybridization technique. Besides 
the RNA species mentioned above, with this method we were able 
to demonstrate that in the infected cell at least four other M13-
specific RNA species are present: an 18S RNA of 1800 nucleotides, 
a 16S RNA of 1450, one of 320 and a 7S RNA of 280 nucleotides. 
Comparison of Fig. 4b with Fig. 4a indicates again that 
only part of the M13-specific RNA species synthesized -in vivo 
(i.e. the 8S, 14S and 19S species) co-migrate with transcripts 
synthesized in vitro under the direction of M13 RF. In contrast, 
almost all of the M13-specific RNA species synthesized m the in­
fected cell have, with respect to their electrophoretic mobility, 
an equivalent among the RNA species synthesized in minicells 
harbouring M13 RF (data not shown). It should be noted, however, 
that some RNA species (e.g. 14S RNA) are present in minicells 
in relatively larger amounts then m the infected cell (cf.(5)). 
The possible reasons for these differences will be discussed. 
Neither in the infected cell nor in minicells harbouring 
M13 RF have RNA species been found which are as large as the 
largest RNA species (i.e. 23S and 26S) synthesized in vitro under 
the direction of M13 RF. An explanation for this might be that 
some of the promoters detected with our transcription studies in 
vitro are weakly or not at all active in vivo. Other explanations 
are: first, the synthesis of the RNA chains initiated in vivo is 
terminated earlier on the M13 genome than the synthesis of the 
large RNA chains synthesized in vitro and, second, the RNA species 
synthesized in vivo are processed during or immediately after 
their synthesis. The last two reasons might also give a plausible 
explanation for the fact that, in the infected cells (and in 
minicells (5,9)), a number of RNA species are present which have 
no counterpart among the RNA chains synthesized in vitro. An 
additional explanation for these observations might be that some 
promoters have escaped detection with our transcription studies 
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in vitro. 
To determine the genetic origin of the six major RNA chains 
synthesized in гио(i.e. the 8S, 9S, three IIS and the 14S 
species) and to find out whether indeed termination and/or pro­
cessing events have limited their sizes, we have made use both 
of the 'Southern' and the 'Northern' hybridization techniques. 
In addition use was made of translation studies in vitro and of 
5'-terminal and 3'-terminal nucleotide sequence analyses· 
After fractionation of the M13-specific RNA species on 
preparative gels, they were recovered from the gel by electro-
elution. Subsequently the purified RNA species were hybridized to 
blotted TaqI fragments. From the results shown in Fig. 5a it can 
be concluded that the six major RNA species synthesized in vivo 
are encoded by the DNA region which is covered by the adjacent 
(5' -»• 3') fragments C, H and F. Since all six RNA species hybrid­
ize to the fragments H and F, the data furthermore suggest that 
they all have identical nucleotide sequences at their 3'-terminal 
end. Identical conclusions were reached when the RNA species 
were isolated by preparative hybridizations to restriction enzyme 
fragments covalently coupled to cellulose (data not shown) or 
when cloned restriction fragments of M13 RF were hybridized to 
blotted RNA species which previously had been separated under 
denaturing conditions on СНзНдОН-agarose gels (Fig. 5b). From the 
latter data it can be concluded furthermore that the 3'-terminal 
end of the minor 19S RNA species is also encoded by the fragment 
C, H and F. 
From the results described, several important conclusions 
can be drawn: first, all the six major (i.e. the 8S, 9S, three 
IIS and 14S) and at least one minor (19S) M13-specific RNA 
species are encoded by the DNA region which is located immediate­
ly proximal to the transcription termination signal T. __. This 
conclusion is in complete accordance with our studies described 
above in which we demonstrated that the region with the highest 
transcriptional activity is also located within this region of 
the M13 genome (cf. Fig. 2). Second, our results clearly demon­
strate that,similar to observations in vitro3 at least part of the 
M13 genome is transcribed in the infected cell according to a 
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Fig . 5. Autoradiographs of 3 2 P-labeled DNA and RNA spec ies , (a) Auto-
radiographs obtained a f t e r h y b r i d i z a t i o n of denatured 32p_i
a
j
:
,eled RF 
(lane 1) and of the s ix major M13-specific RNA species synthesized in 
VÌVO : i . e . 8S RNA (lane 2 ) , 9S RNA (lane 3) , US RNAcdane 4 ) , US RNAb 
(lane 5 ) , US RNAa (lane 6 ) , and 14S RNA (lane 7 ) , to b l o t t e d TaqX 
fragments of M13 RF. Their order and r e spec t ive pos i t i ons on the gene t ic 
map i s shown in Fig. 2. The fragments contain the following numbers of 
base p a i r s : 1018 (Aj), 971 (Aj), 927 (B), 791 (C), 703 (D), 579 (Ε), 442 
(F), 357 (G), 381 (Η), and 239 ( I ) , (b) Autoradiographs obtained a f t e r 
h y b r i d i z a t i o n of: 32p_i
a
i ; )eled pBRH2 DNA (lane 1) , s ing le-s t randed v i r a l 
DNA (lane 2 ) , M13 RF (lane 3) , and the recombinant plasmid DNAs pBRI^-
M13 Га^ІН-ДаеІІІВ (lane 4 ) , pBR325-fdII£'130RI-£'C0RIIA (lane 5) and pBRI^-
M13 ЯаеІІІ-D (lane 6) t o b l o t t e d RNA species i s o l a t e d from M13-infected 
c e l l s . The p r e c i s e compositions of the recombinant plasmids are given in 
Mater ia l s and Methods. Fragment M13 ЯаеІІІ-D contains the GQ_g2 promoter 
d e t e c t e d in vitro and the N-terminal end of gene I I (Fig. 1) . Fragment 
M13 Га^ІН-ЯаеіІІВ contains promoter Gg.igr gene IX, the C-terminal end 
of gene VII, and the N-terminal end of gene VIII (Fig. 1) . Fragment fd l l 
EaoRl-EaoRlIA conta ins the e n t i r e gene I I , promoter G0.92, and the N-
terminal end of gene V (Fig. 1) . P r i o r to b l o t t i n g the RNA species were 
f r a c t i o n a t e d on 2% СНзНдОН-agarose g e l s . 
c a s c a d e - l i k e m e c h a n i s m of t r a n s c r i p t i o n . 
S i n c e , i n t h e 5 ' -»· 3 ' d i r e c t i o n o f t r a n s c r i p t i o n , t h e 
o r d e r o f t h e TaqI f r a g m e n t s i s S ' - C - H - F - S ' , o u r d a t a f u r t h e r m o r e 
s u g g e s t t h a t t h e s y n t h e s i s o f a l l m a j o r RNA c h a i n s i s t e r m i n a t e d 
a t T
n
 „ j - . I f t r u e t h e n a l l t h e s e RNA s p e c i e s s h o u l d b e a b l e t o 
d i r e c t t h e s y n t h e s i s o f g e n e V I I I p r o t e i n in vitro ( c f . F i g . 2 ) . 
F u r t h e r m o r e t h e n u c l e o t i d e s e g u e n c e a t t h e S ' - e n d of a l l t h e s e 
RNA s p e c i e s s h o u l d b e i d e n t i c a l . As shown i n F i g . 6a , a d d i t i o n 
o f t h e s i x m a j o r M 1 3 - s p e c i f i c RNA c h a i n s s y n t h e s i z e d in vivo to 
1 3 9 
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Flg. 6. Autoradiographs of [ s]-labeled polypept ides synthesized in vitro, 
(a) Autoradiograph obtained a f t e r f r a c t i o n a t i o n of the -"5 -methionine-
labeled polypept ides synthesized in vitvo in the absence or presence of 
M13 RF, or in the presence of the major МІЗ-specific RNA species syn­
t h e s i z e d in in fected c e l l s . Lanes: (1) products synthesized in the 
absence of exogenous DNA or RNA; (2)products synthesized in the presence 
of M13 RF; (3-7) products synthesized in the presence of, r e s p e c t i v e l y , 
13S RNA (3), 14S RNA (4), IIS RNAa+b (5), US RNAc (6) , 9S RNA (7), and 
8S RNA (8) . The 13S RNA serves as a c o n t r o l and has been i s o l a t e d from 
the region on the Polyacrylamide gel which i s located between the 11S and 
14S RNAs. The i d e n t i f i c a t i o n of the polypept ides synthesized under the 
d i r e c t i o n of M13 RF has been descr ibed ( 6 , 7 ) . I I I - P , IV-P, V-P, e t c . , r e f e r 
t o the polypept ides encoded by gene I I I , gene IV, e t c . , r e s p e c t i v e l y . To 
circumvent overexposure of the X-ray film only small amounts of the poly­
peptides synthesized under the d i r e c t i o n of M13 RF were loaded onto the 
gel (lane 2 ) . (b) Autoradiograph obtained a f t e r f r a c t i o n a t i o n on Poly­
acrylamide g e l s of immunoprecipitates of polypept ides synthesized in vitro. 
The polypept ides were immunoprecipitated with a n t i b o d i e s r a i s e d a g a i n s t 
gene V p r o t e i n (11). Lanes: immunoprecipitates of polypept ides synthesized 
in vitro in the absence (lane 7) and presence of, r e s p e c t i v e l y , 8S RNA 
(lane 1), 9S RNA (lane 2 ) , HS RNA с (lane 3), US RNAa+b (lane 4 ) , 14S 
RNA (lane 5 ) , and M13 RF (lane 6 ) . The products made in vitro under the 
d i r e c t i o n of M13 RF are shown in lane 8. 
a n R N A - d e p e n d e n t p r o t e i n - s y n t h e s i z i n g s y s t e m r e s u l t e d i n a l i 
c a s e s i n t h e s y n t h e s i s of t h e p r e c u r s o r of t h e m a j o r c a p s i d p r o ­
t e i n e n c o d e d by g e n e V I I I . I n a d d i t i o n , w i t h t h e a i d o f mono­
s p e c i f i c a n t i s e r a , i t c o u l d b e d e m o n s t r a t e d t h a t o n l y t h e I I S 
RNAs a n d 14S RNA w e r e c a p a b l e o f d i r e c t i n g t h e s y n t h e s i s o f g e n e 
V p r o t e i n ( F i g . 6 b ) . T h e s e o b s e r v a t i o n s a r e i n c o m p l e t e a c c o r d ­
a n c e w i t h o u r h y b r i d i z a t i o n s t u d i e s m e n t i o n e d a b o v e a n d w i t h o u r 
l e n g t h m e a s u r e m e n t s on t h e s e RNA s p e c i e s i f o n e a s s u m e s t h a t 
t h e i r s y n t h e s i s i s t e r m i n a t e d a t Τ ο . 2 5 · 
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Sequence analyses have shown that under appropriate digest­
ion conditions the 3'-terminal end of 8S RNA can be isolated 
as an RNase-Tj-resistant core (10). This is due to the fact that 
this transcript contains, within its 3'-terminal end, complement­
ary nucleotide sequences (which can form a stable hairpin with 
a stem of nine base pairs) followed by a stretch of five or six 
uridines. We have observed that similar RNase-Tj-resistant cores 
can be isolated after digestion of the 9S, IIS and 14S RNA spe­
cies. In addition after treatment of these core fragments with 
RNase Tj in excess, followed by electrophoresis and homochroma-
tography, fingerprints were obtained which were identical to the 
fingerprint of the core of 8S RNA (data not shown; cf. (10)). 
From these observations and from the results of our hybridization 
and protein synthesis studies in vitro we feel confident in con­
cluding that the synthesis of all major RNAs synthesized in vivo 
is terminated at the terminator T 0 2 ς, which is located 46 
nucleotides distal to the S'-end of gene VIII (10,20). Taking 
into account the lengths of the major RNA species, this in turn 
suggests that the 5'-terminal ends of these RNA species are lo­
cated respectively: (a) within or immediately distal to the 5' 
end of gene VII (9S RNA; cf. Fig. 1); (b) within the carboxy-
terminal end of gene II (IIS RNAs) and (c) immediately in front 
of gene X (14S RNA). 
It is remarkable that four out of the six major RNA species 
synthesized in vivo (i.e. the 9S and three IIS RNAs) have no 
equivalent among the RNA products synthesized in vitro under the 
direction of replicative form DNA. To find out whether this is 
due to the fact that these RNA species are initiated at promoter 
sites which have a higher affinity in vivo for RNA polymerase 
holoenzyme than in vitro, or whether these RNA species are the 
result of processing events, we have investigated whether a ribo-
nucleoside triphosphate is located at the 5'-end of these RNA 
molecules. Our results (Fig. 7) confirm our previous observations 
(10) that a ribonucleoside triphosphate (i.e. pppG) is present 
at the 5'-end of the 8S RNA species. The latter nucleoside tri­
phosphate was also found to be present at the 5'-end of 14S RNA 
(Fig. 7). As under identical conditions no tetraphosphate but a 
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Fig. 7. Autoradiograph obtained after 
chromatography on poly-ethyleneimine 
plates of the products formed upon 
combined RNase A and RNase T2 digest-
ions of the -"P-labeled M13 specific 
RNA species synthesized in VÌVO. 
Lanes : products formed upon digestion 
of US RNA a (1), US RNA b (2), US 
RNA с (3), 9S RNA (4), 88 RNA (5 and 6) 
and 148 RNA (7). The position of 
migration of the nucleotide marker 
(i.e. pppGp) is indicated. 
nucleoside diphosphate instead (Fig. 7) is liberated both from 
the 9S as well as from the three IIS RNA species, we favour the 
conclusion that the latter RNAs are the result of processing of 
precursor molecules. 
Until now we have not been able to establish which enzyme(s) 
is(are) responsible for the processing of the precursors of the 
9S and IIS RNAs. In any case we already know that neither RNase 
III, RNase E, RNase M16 (enzymes involved in the processing of 
the precursors of rRNA and for RNase III also in the processing 
of T7 mRNA) nor RNases Ρ and BN (enzymes involved in the pro­
cessing of precursors of tRNA) are responsible for these pro­
cessing events. A few of these data are shown in Fig. 8. Also 
studies with conditional lethal mutants of M13 have indicated 
that none of the phage-encoded polypeptides is involved in the 
processing process (data not shown). 
To find out which primary transcripts are the real precur­
sors of the 9S and IIS RNAs, both pulse-chase experiments and 
RNA degradation studies, in the presence of rifampicin, have been 
carried out. The data obtained (not shown) strongly indicated 
that the precursors are already processed during or immediately 
after their synthesis. From kinetic studies, however, we learned 
that the IIS RNA species appear earlier in the infection cycle 
than the 9S RNA (Fig. 9) and that early after infection the 
synthesis of 14S RNA is initiated at a higher rate than that of 
the 8S RNA. 
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Flg. 8. Fluorographs of Зн-labeled RNA species synthesized in infected 
and non-infected RNase mutants of E.aoli. (a) Fluorographs obtained after 
fractionation of [Зні-uridine-labeled RNA species synthesized, under non-
permissive conditions (420C), in infected (lane 1) and uninfected (lane 2) 
cells of E.aoli A49 RNase P t s. 10 min after infection at 37oc the 
incubation temperature was shifted to 420C and after 10 min at this tem­
perature the cells were labeled for 10 min with [Зн]-игіаіпе. The 
fluorographic pattern of [Зні-uridine-labeled RNA species synthesized in 
M13-infected cells of Е.аоЪі K38 is shown in lane 3. (b) Fluorograph ob­
tained after fractionation on Polyacrylamide gels of the [Зні-uridine-
labeled RNA species, synthesized under non-permissive conditions in M13-
infected cells of Е.ооЪъ N3071 (RNase Ε^
Ξ
),which hybridize to denatured 
RF covalently coupled to diazobenzyloxymethyl-cellulose (lane 1). 10 min 
after infection at 370C the incubation temperature was shifted to 420C 
and after 10 min at this temperature the culture was labeled for 10 min 
with [Зц]-uridine. The fluorographic pattern of [^nl-uridine-labeled RNA 
species synthesized in infected cells of E.aoli- K38 is shown in lane 2. 
(c) Autoradiographs obtained after hybridization of denatured ^V-labeled 
M13 RF to blotted RNA species isolated from M13-infected cells of E.aoli 
AB301-105, an E.aoli mutant lacking the RNA processing enzyme RNase III 
(lane 1), and of E.aoli K38 (lane 2). After isolation the RNA species were 
fractionated on 2% СНзНдОН-agarose gels and subsequently transferred to 
diazobenzyloxymethyl-cellulose paper. 
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•i 5 *? 4 Fig. 9. Autoradiograph obtained 
after hybridization of denatured 
32P-labeled M13 RF to blotted RNA 
species isolated from M13 infected 
cells at 5 min (lane 1), 10 min 
(lane 2), 20 min (lane 3), and 30 
min (lane 4) after phage infection. 
.
л
_ Prior to transfer to diazobenzyl-
_ і У о oxymethyl-cellulose paper the un­
labeled RNA species were fraction­
ated on 2% СНзНдОН-адагозе gels. 
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DISCUSSION 
From the results described it can be concluded that in the 
infected cell at least eleven M13-specific RNA species are made, 
ranging in size from 280 up to 2000 nucleotides. Only three of 
these RNA species co-migrate under denaturing conditions with 
RNA species synthesized in vitro under the direction of M13 RF. 
Similar observations have been made for the M13-specific RNA 
species synthesized in minicells (5,9). Nucleotide sequence 
analyses, hybridization and protein-synthesis studies in vitro 
have indicated that, besides the 8S RNA, the synthesis of five 
other major RNA species (i.e. a 9S, three IIS and a 14S RNA) 
is also terminated at the previously detected termination signal 
T- „,-. In addition it has been observed that four of these RNA 
о. zb 
species (the 9S and three IIS species) are the result of proces­
sing of precursor molecules. These observations are in complete 
accordance with our transcriptional activity measurements which 
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have shown that the region which is transcribed most frequently 
in vivo, is located iitmiediately in front of T. _,-. Furthermore, 
from our data the conclusion can be drawn that, similar to what 
has been observed to occur in vitro, the DNA region encompassing 
genes V and VIII, whose products are most abundantly needed during 
the infection cycle, is expressed in vivo according to a cascade­
like mechanism of transcription. 
The results obtained, furthermore, might give an explanation 
for the following previously unanswered questions. First, tran­
scription studies in vitro have indicated that the promoters G_
 η
, 
и. Ub 
and G. .„ (Fig. 1) are the strongest promoters which are located 
on the Ml 3 genome. Consequently one would expect that, besides 
the 8S RNA species (initiated at G
n
 ig)' the 14S RNA species (initiated at G
n
 _,) would also be made in the infected cell m 
и. Ub 
very large amounts. This, however, has not been observed. We 
assume that this discrepancy is caused by a processing of the 14S 
RNA into the three IIS species and the 9S RNA species. This 
hypothesis is supported by our observation that the 14S species 
is detectable earlier in the infected cell then the 9S RNA 
species (cf. Fig. 9). In addition we have observed that, after 
addition of nfampicin to the infected culture, the relative 
amounts of the IIS RNA species still increased while concomitant­
ly a decrease was observed in the relative amounts of 14S RNA. 
Similar observations have been made by Cashman and Webster in 
their studies on the synthesis of the mRNAs of phage fl which is 
closely related to M13 (21). Also our observations that, in mini-
cells harbouring M13 RF, relatively larger amounts of 14S RNA 
are made than in the infected cell is in accordance with a pro­
cessing event if one assumes that this processing is less ef­
ficient in mimcells than m normal infected cells. 
It is worth mentioning that both our kinetic experiments and 
our pulse-labeling experiments suggest that during the infection 
cycle the synthesis of the 14S RNA species reaches a steady state 
earlier than the synthesis of the 8S RNA. An explanation for 
this can not be given yet but the data suggest that during the 
infection cycle some factors become operative which influence the 
synthesis of the 14S RNA and consequently also the synthesis of 
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the IIS and 9S RNA species. 
Secondly, the polypeptide encoded by the carboxy-termmal 
end of gene II (designated X protein (6,7)) is one of the major 
products made -in vitro under the direction of M13 RF. Until now 
we have not been able to demonstrate the abundant synthesis of 
this polypeptide in the infected cell nor in minicells harbouring 
M13 RF (5,9). The most probable explanation for this now might 
be that during or immediately after their synthesis the majority 
of the mRNAs coding for X protein are inactivated due to cleavage 
within these mRNAs by hitherto unidentified RNA processing 
enzyme(s). 
It is interesting to note that in the infected cell a 19S 
RNA species has also been found which almost certainly is iden­
tical to the 19S RNA species synthesized гп vitro under the 
direction of M13 RF (Fig. 4 and 5 (9)). The synthesis of the 
latter is initiated at promoter G __, which is located immedi­
ately in front of gene II, and is terminated at Τ -<- (Fig. 1) 
(9). Since the 19S RNA completely overlaps the region coding 
for the 14S RNA (Fig. 5) it might well be that this RNA is also 
the subject of processing events (resulting in the formation of 
the IIS and 9S RNA species). If true, then these processing 
events in turn play a regulatory role in the synthesis гп vivo of 
gene II protein, a protein with a key role m the replication of 
M13 DNA (22). 
As mentioned, one of the major reasons for the processing 
of the M13-specific RNA species might be that, due to the 
cleavage reactions, the production of large amounts of particular 
polypeptides is prohibited. An additional reason might be that, 
as a result of cleavage, the secondary and tertiairy structure 
of the RNA molecule changes in such a way that the efficiency by 
which nbosomal binding sites are recognised is then drastically 
increased (or decreased). In this context it is interesting to 
note that between genes V and VIII (Fig. 1) two other small genes 
(VII and IX) are located. Although these genes are efficiently 
transcribed in the transcription system in vitro , hitherto we 
have been unable to demonstrate the synthesis of their encoded 
polypeptides in vttro . An explanation for this might be that the 
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ribosomal binding sites of the mRNAs coding for gene VII and 
gene IX proteins are blocked by the secondary structures taken 
up by the RNA molecules synthesized in гіго. The possibility 
therefore is not excluded that, as a result of processing, their 
ribosomal binding sites are activated resulting in the synthesis 
of gene VII and gene IX proteins. Studies designated to discover 
whether this hypothesis is correct are in progress. It is inter­
esting to note that an example of such a type of gene activation 
is already known from studies on the expression of the early 
genes of phage TV (W. Studier, personal communication). 
The sizes of the largest RNA chains synthesized in vivo are 
smaller than the sizes of the largest RNA species synthesized 
in vitro (Α-start RNAs; cf. Fig. 1 and 4). Similar observations 
have been made for the МІЗ-specific RNA species synthesized in 
minicells (5,9). A partial explanation for these differences has 
been given by the observation that at least some of these RNA 
species are the result of processing of precursor molecules. An 
additional explanation might be that termination of transcription 
in ъ о not only occurs at T^ . _,-< but also at other sites of the 
M13 genome. This hypothesis is supported by our transcriptional 
activity measurements which suggest that on the M13 genome, 
besides the Rho -independent termination signal T- »t-, two other 
( Rho-dependent?) transcription termination signals are located 
(within or proximal to the TaqI fragments I and G; cf. Fig. 2). 
Furthermore, examination of the nucleotide sequence of M13 DNA 
(1) has revealed that, within the regions of low transcriptional 
activity, nucleotide sequences are present which have character­
istics in common (e.g. inverted repeats of at least nine base 
pairs followed by a region rich in dA-dT base pairs) with 
established nucleotide sequences of termination signals (10, cf. 
23). Finally, Edens (24, cf. 9) has observed that the addition 
of purified Rho protein to an RNA-synthesizing system in vitro 
specifically resulted in a shortening of the lengths of the 
largest RNAs synthesized in the absence of Rho. Length measure­
ments of these shorter RNA species led him to the conclusion 
that a Rho-dependent termination signal is located immediately 
distal to the S'-end of gene IV. Our findings of a low transcnp-
147 
tional activity within this region are in accordance with these 
observations. 
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RNA PROCESSING AND THE CONTROL OF GENE EXPRESSION 

RNA PROCESSING AND THE CONTROL OF GENE EXPRESSION 
ABSTRACT 
Upon infection of Esaheriohia coli with bacteriophage M13 the 
DNA region encompassing the contiguous genes II, X, V, VII, IX 
and VIII is expressed in at least ten phage-specific mRNA species. 
The synthesis of all these RNAs is terminated at the previously 
detected Дйо-independent transcription termination signal Tp. ->,-
which is located immediately after gene VIII. Only four of 
these RNAs are primary transcripts and are respectively initiated 
immediately in front of genes II, X, V and IX. The other RNA 
species are secondary transcription products. With the aid of 
the S ι-nuclease mapping technique (Berk & Sharp, 1977) the 
nucleotide positions of the 5'-terminal ends of these transcripts 
have been localized on the M13 genome. From the data obtained 
it emerged that the processing sites have two characteristics in 
common: a consensus sequence of UUUCU followed by a stable stem-
loop structure. Based upon these observations a model is present­
ed which describes the mechanism by which the synthesis of the 
proteins encoded by the contiguous genes II through VIII is 
regulated in the infected cell. 
INTRODUCTION 
The genome of the F-specific filamentous coliphage M13 is a 
single-stranded circular DNA of 6407 nucleotides which encompas­
ses ten genes (Denhardt et al., 1978). Since the propagation of 
this phage is largely dependent on host-encoded functions, it is 
an attractive model system for the analysis of the organization, 
expression and replication of larger reproductive systems. The 
mechanism of DNA replication is now reasonable well understood 
(Ray, 1978; Suggs & Ray, 1979). Progress has also been made in 
unraveling the transcription process (reviewed by Konings & 
Schoenmakers, 1978) . Both in vivo and in vitro only the non-viral 
strand of the replicative form DNA (RF) is transcribed. As a 
result of initiation at nine different promoter sites and term­
ination at only a single transcription termination signal, M13 
RF is transcribed in vitro in a cascade-like fashion (Edens et al., 
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1975, 1976, 1978a, 1978b). This transcription mechanism is 
abolished, at least m part, in the presence of termination 
factor Rho (Takanami,M. , pers.comm.; Edens, L., 1978). In vivo 
transcription studies have indicated that the expression of the 
viral genome in the infected cell is much more complex and that 
only part of the M13 genome is transcribed by a cascade-like 
mechanism (Smits et al., 1978, 1980; Rivera et al., 1978; La 
Farina & Model, 1978; Cashman & Webster, 1979; Cashman et al., 
1980). It furthermore has been observed that some of the in vivo 
synthesized RNA species are the result of processing of precursor 
molecules. Similar observations have been made for the mRNA 
species encoded by the closely related bacteriophage fl genome 
(Cashman et al., 1980) . 
In order to obtain a more complete picture of the transcript-
ion process in the infected cell, we have continued our studies 
towards the identification and characterization of the different 
phage-specific RNA species. In particular we have concentrated 
our studies on the precise localization of the RNA initiation 
sites of the major primary transcripts and of the sites where 
these transcripts are processed. Based upon the data obtained, a 
model is proposed which accounts for the mechanism by which the 
synthesis of the proteins encoded by the contiguous genes II 
through VIII is regulated in the infected cell. 
MATERIALS AND METHODS 
Bacterial strains and Bacteriophages. 
Escherichia coli strain K38 (S26 Re) was used both for the 
isolation of replicative form DNA (RF) as well as for the prep-
aration of RNA from infected and uninfected cells. Escherichia coli 
strain DS410 was used for the isolation of minicells (Dougan & 
Sherratt, 1977). Bacteriophage M13 wild-type was from our own 
stock. M13 amber mutants were originally obtained from Dr. D. 
Pratt and the amber mutant fd 122 was a gift from Dr. H. Schaller. 
Isolation of DNA. 
The recombinant plasmids pPW202, pPWSOl, pPW301, pPW331 and 
pGS902 were kindly provided by Dr. van Wezenbeek and Dr. Simons. 
They were constructed by insertion of restriction enzyme fragments 
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of M13 RF into the single FcoRI site of the vector pBRH2. (van 
Wezenbeek, 1981). pPW202 contains the M13 DNA restriction enzyme 
fragment ЧаеІІІ-Ό (nucleotide position 5869 - 6181), pPWSOl 
contains fragment Hinfl-A · HpaTI-C (724 - 968), pPW301 contains 
fragment HaelI-C-HpaII-B2 (1398 - 1926), pPW331 contains fragment 
Taql-E (1949 - 2528) and pGS902 contains fragment Taql-H (1127 -
1508). The nucleotide positions of the inserts refer to their map 
positions on the M13 genome (van Wezenbeek et al., 1980). The 
positions of these fragments on the genetic map are indicated 
in Fig. 1. 
M13 RF and recombinant plasmid DNA were isolated by the 
cleared lysate procedure of Clewell & Helmski (1970) and further 
purified by CsCl density gradient centnfugation. 
Isolation and analysis of RNA. 
The Materials and Methods used for the cultivation of 
bacteria, isolation of minicells, labeling and isolation of RNA, 
characterization of 5'-terminal ribonucleotides and isolation of 
3'-terminal RNA fragments have been described (Smits et al., 1978, 
1980; Rivera et al., 1978). The procedures for nucleic acid hybrid­
ization and electrophoresis of RNA species under denaturing 
conditions on SDS-polyacrylamide gels have been described in 
Chapter III. 
3
η
-ηηοΙβα8β mapping. 
The 5'-terminal ends of DNA restriction enzyme fragments 
were dephosphorylated with calf intestine phosphatase (Boehnnger 
Mannheim) essentially as described by Maxam & Gilbert (1980). 
Labeling of the 5'-OH ends was performed with (γ-32Ρ)-ΑΤΡ 
(Amersham) and T4 polynucleotide kinase (P.L. Biochemicals) as 
described by Maxam & Gilbert (1977, 1980). DNA strands were 
separated by heat denaturation in the presence of 35% (v/v) DMSO 
followed by electrophoresis on 5% Polyacrylamide gels (Maxam & 
Gilbert, 1980). The labeled DNA was hybridized for 3 hr to an 
excess of denatured (10 min, 70OC) RNA m 25 μΐ of 80% (ν/ν) 
formamide, 0.4 M NaCl, 0.04 M Pipes-NaOH, pH 6.4, and 1 mM EDTA. 
The hybridization temperature chosen was 2° - 4 С above the Tm 
of the DNA fragment in this buffer solution (Tm = 26.9 + 0.5 
(%G+C); Casey & Davidson, 1977). After hybridization the solution 
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was diluted with 100 ul of water and 125 μΐ of 0.06 M sodium 
acetate, pH 4.5, 0.2 M ZnS04, 0.5 M NaCl, 10% glycerol and sub­
sequently treated with S i-nuclease (Bethesda Research Laborator­
ies, specific activity 290 U/μΙ) for 1 hr at 20oC. Finally 2.5 
vol of cold ethanol was added and the precipitated nucleic acid 
was taken up in 5 yl of loading solution (0.05% bromphenol blue, 
0.05% xylene cyanol, 1 mM EDTA, 90% (v/v) formamide) and heated 
for 1 m m in a boiling waterbath. 
Nucleotide sequence analysis. 
Purified RNA was dephosphorylated with calf intestine phos­
phatase (Boehnnger Mannheim) and labeled at the 5'-terminal end 
with (γ-32Ρ)-ΑΤΡ (Amersham) and T4 polynucleotide kinase (P.L. 
Biochemicals) as described by Branlant et al. (1979). After re­
purif ication on 2.5% Polyacrylamide gels containing 7 M urea 
the end labeled RNA was sequenced by partial digestion with 
RNase Tl, RNase U2, pancreatic RNase and boiling water as des­
cribed by Simoncsits et al. (1977) and Donis-Keller (1979). 
For sequencing 5'-end labeled DNA by chemical degradation 
the protocol of Maxam i Gilbert (1977, 1980) was followed. The 
products of the cleavage reactions were fractionated, together 
with the S] resistent DNA fragments, by electrophoresis on 0.4 
mm thin 6% Polyacrylamide gels, prepared in 50 mM Tris-borate, 
pH 8.3, 1 mM EDTA and 7 M urea (acrylamide/bisacrylamide ratio 
30:1). 
RFSULTS 
Mapping of transcripts. 
For the identification and characterization of the M13-
specific RNAs synthesized in infected cells, or in minicells 
containing Ml 3 RF, use was made of Ml 3 RF or cloned M13 DNA 
fragments which were covalently coupled to diazotized paper discs. 
Hybridization of [Зн]-uridine labeled RNA to such DNA probes is 
much more selective than to isolated restriction fragments. Moreover, 
by performing the hybridization under conditions which are un­
favourable for reannealing of DNA strands, the procedure followed 
has the advantage that removal of traces of phage DNA, which 
always are present among the RNA preparations, can be circumvent-
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Fig. 1. Schematic diagram of a segment of the genetic map of bacteriophage 
M13. Genes are indicated by Roman numerals. Gene X is an in phase over­
lapping gene with the C-terminal part of gene I I . IR refers to the m t e r -
genic region in which the replication origins for the viral and complement­
ary strands are located. The bars denote the positions of the in vitro de­
tected RNA in i t ia t ion s i t e s . The starting nucleotides are indicated and 
the subscripts indicate the position on the physical map. T„ „i- refers to 
the position of the Pho-independent transcription termination signal. The 
arrows denote the map position of the гп г о synthesized primary RNA 
transcripts and the triangles denote the positions of the processing 
signals present in these mRNA species (this paper). The horizontal lines 
refer to the M13-specific DMA sequences present within the hybridization 
probes PPW202, pPWSOl, pGS902, pPW301 and pPW331 (see Materials and Methods). 
e d . H y b r i d i z a t i o n of 3 H - l a b e l e d , t o t a l c e l l u l a r RNA and e l u t i o n 
of t h e RNA s p e c i f i c a l l y bound t o t h e f i l t e r s were performed as 
d e s c r i b e d under Methods. A n a l y s i s of t h e RNA was c a r r i e d out 
under d e n a t u r i n g c o n d i t i o n s on SDS-polyacrylamide g e l s . A few 
examples of t h e s e a n a l y s e s a r e shown i n F i g . 2. 
The p a t t e r n of RNA s y n t h e s i z e d i n M13-infected c e l l s i s 
shown i n F i g . 2A ( l a n e 7 ) . H y b r i d i z a t i o n of t h i s RNA t o M13 RF 
as a s e l e c t i o n p r o b e fol lowed by e l u t i o n and e l e c t r o p h o r e t i c 
a n a l y s i s r e s u l t e d i n t h e r e t e n t i o n of a t l e a s t t h i r t e e n RNA 
s p e c i e s ( F i g . 2A; l a n e 6 ) . The RNA s p e c i e s r e t a i n e d range i n s i z e 
from 370 n u c l e o t i d e s (8S) u p t o about 2000 n u c l e o t i d e s (19S) . 
C o m p e t i t i v e h y b r i d i z a t i o n s t u d i e s u s i n g n o n - l a b e l e d RNA i s o l a t e d 
from n o n - i n f e c t e d c e l l s i n d i c a t e d t h a t t h e upper band i s n o t e n ­
coded by t h e M13 genome. S i n c e t h i s RNA has t h e same e l e c t r o ­
p h o r e t i c m o b i l i t y as 23S r ibosomal RNA and s i n c e a l a b e l e d RNA 
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Flg. 2. Fluorographs of Η-labeled RNA species synthesized in c e l l s or 
m i n i c e l l s containing M13 RF. (A) Fluorographs of the RNA species synthe­
sized in infected c e l l s which hybridize t o the recombinant plasmids pPWSOl 
(lane 1), pPW331 {lane 2 ) , pPW202 (lane 3 ) , pGS902 (lane 4 ) , pPW301 (lane 5) 
and M13 RF (lane 6 ) . The p a t t e r n of RNA species synthesized in in fected 
c e l l s i s shown in lane 7. (B) Fluorographs of the RNA species synthesized 
in m i n i c e l l s containing M13 RF which hybridize t o the recombinant plasmids 
pPW301 (lane 1), pGS902 (lane 2) and M13 RF (lane 3 ) . The p a t t e r n of RNA 
species synthesized in m i n i c e l l s p r i o r t o hybrid s e l e c t i o n i s shown in 
lane 4. Approximate S-values are i n d i c a t e d . 
s p e c i e s o f t h i s s i z e i s n o t p r e s e n t i n m i n i c e l l s c o n t a i n i n g Ml 3 
RF ( F i g . 2B,· l a n e 4) we a s s u m e t h a t i t i s a r e m n a n t o f r i b o s o m a l 
RNA n o n - s p e c i f i c a l l y b o u n d t o t h e f i l t e r s . T h i s a s s u m p t i o n i s 
f u r t h e r m o r e s u p p o r t e d by t h e o b s e r v a t i o n t h a t t h e r e l a t i v e a m o u n t 
o f t h i s RNA s p e c i e s d e c r e a s e s i n c a s e , p r i o r t o e l u t i o n , t h e 
f i l t e r d i s c s w e r e w a s h e d f o r a l o n g e r p e r i o d of t i m e . As e x p e c t e d 
t h e e l e c t r o p h o r e t i c p a t t e r n o f t h e RNA s y n t h e s i z e d i n m i n i c e l l s 
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before and after hybrid-selection are grossly identical (Fig. 2B,· 
lanes 3 and 4). More importantly, when the patterns of fig. 2A 
and 2B are compared, it becomes clear that the M13 specific RNAs 
synthesized in infected cells have, with respect to their 
electrophoretic mobility, an equivalent among the species syn­
thesized in mimcells. 
Several of the M13-specific RNA species presented in Fig. 2 
have been studied previously (Rivera et al.,1978; Smits et al., 1980) . 
From these studies it turned out that the synthesis of 8S, 9S, 
USa, HSb, HSc and 14S RNA species is terminated at the Rho-
independent transcription termination site T. „j- (Edens et al., 
1975). Evidence was also provided that 8S RNA and 14S RNA are 
primary transcripts and that the other species most probably are 
RNAs derived from primary transcripts by RNA-processmg reactions. 
The starting positions and the processing sites of the primary 
and secondary M13 transcripts are not known yet at the nucleotide 
level. Several minor RNAs are recognized on the fluorographs of 
still unknown character (i.e. HSd, 13Sb, 13Sc, 16S, 17S, 
18S and 19S). To gam a complete picture of the transcription 
process of the phage genome in the infected cell we have studied 
these RNA species in more detail. 
Of the minor components the llSd, 13Sb, 13Sc and 19S RNA 
species were retained by plasmid pGS902 (Fig. 2A,· lane 4 and 
Fig. 2B; lane 2). This plasmid lacks the terminator Τ
 ?1- but 
encompasses the M13 DNA sequence which is located immediately 
upstream to this signal (cf. Fig. 1). These RNAs are also re­
tained by plasmid pPW301 encompassing the termination signal 
T. -j- whereas they do not hybridize to plasmid pPW331 which har­
bours sequences which are located downstream this termination 
signal (Fig. 2A; lanes 2 and 5, Fig. 2B,· lane 1) . These RNAs are 
further selected by plasmid pPW501 whereas plasmid pPW202 
hybridizes only to 19S RNA (Fig. 2A,· lanes 1 and 3) . Taking into 
account the lengths of these newly identified RNA species these 
observations strongly suggest that, similar to the previously 
identified RNA species, their synthesis is terminated at the Rho-
mdependent transcription termination signal T- __. If true, then 
their 3'-terminal sequences should be identical to that of the 
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8S RNA species as determined by Rivera et al. (1978). Under mild 
digestion conditions the 3'-terminal end of 8S RNA can be isola­
ted as an RNase Tl resistent fragment. This is due to the fact 
that this sequence possesses the intrinsic property to form a 
hairpin-like structure. We have observed that similar RNase Tl 
resistent fragments can be isolated after digestion of llSd, 
13SC, 13Sb and 19S RNA (data not shown). Based upon these data 
we feel confident to conclude that in vivo besides the synthesis 
of 8S, 9S, HSc, llSb, llSa and 14S RNA also the synthesis of 
llSd, 13Sc 13Sb and 19S RNA is terminated at the termination 
signal T. 215· 
By 5'-terminal phosphate analysis we previously demonstrated 
that the in vivo synthesized 8S and 14S RNA species are primary 
transcription products (Smits et al., 1980). Although direct evi­
dence is lacking that also the llSd and 19S RNA species contain 
a ribonucleoside triphosphate at their 5'-terminal ends, we never­
theless assume that also these RNAs are primary products. This 
assumption is based upon three observaties . First, these two 
RNAs are the only species which have an equivalent among the in 
vitro synthesized RNA products (cf. Chapter III and V). Second, 
as will be shown below, the synthesis of these RNA species is 
initiated at the same map positions as their in vitvo counterparts, 
namely at positions G 0 ~~ and G 0 __ (Fig. 1). Third, these two 
transcripts are rapidly labeled with [3H]-uridine but a decay in 
radioactivity in these RNA molecules· is noted immediately after 
the addition of rifampicin (Cashman et al., 1980; cf. Fig. 6). The 
remaining RNA species which have terminated at T. „- are most 
probably secondary transcription products formed by RNA proces­
sing of primary transcripts. This conclusion is based upon the 
observation that they do not have an equivalent among the in 
vitro synthesized RNAs (Smita et al., 1980). Furthermore, only 
limited amounts of radioactivity are present in these RNA mole­
cules after pulse labeling whereas the amount of radioactivity 
increases after the addition of rifampicin (Cashman et al., 1980; 
cf. Fig. б). Finally, as will be shown below, the 5'-terminal 
nucleotide sequences of these RNAs have been localized on the M13 
genome in regions in which no sequences are found which resemble 
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the consensus sequence of E.coli promoters (Scherer et al., 1978; 
Siebenlist et al., 1980) . 
5''-terminal nuaZeotide sequence analysis. 
To obtain more information about the characteristics of the 
processing sites and about the position of the RNA initiation 
sites of the primary transcripts, we have mapped the exact 
positions of their 5'-ends on the M13 genome. These analyses 
were performed by using two different techniques. Some of the RNA 
species, which could be isolated in a relatively pure form by 
gel electrophoresis only, were sequenced directly by partial en­
zymatic degradation of 5'-end labeled RNA with either RNase Tl, 
RNase U2 or pancreatic RNase. An autoradiograph of a 20% se­
quencing gel, loaded with partially digested 9S RNA, is shown 
in Fig.ЗА. The 5'-terminal sequence which can be deduced from 
this analysis is 5'-UUUAUCAGG . These data indicate that 
the cleavage site which gives rise to the generation of 9S RNA 
is located on the established M13 DNA sequence between nucleo­
tides 1135 and 1136 (Fig. 5). 
The latter mapping technique was only applicable to a 
limited number of RNAs because RNA preparations, prepared by 
fractionation of total cellular RNA on Polyacrylamide gels, 
usually are contaminated by other (host-encoded) RNAs. Further­
more, as will be described below, some RNA species possess 
heterogeneous ends. Therefore the 5'-terminal ends of most other 
RNAs have been mapped by using the S.-nuclease protection map­
ping technique of Berk & Sharp (1977) as modified by Weaver & 
Weissmann (1979). This procedure has the advantage that isolation 
and purification of specific RNA species can be circumvented. 
Instead total cellular RNA is hybridized to 5'-end labeled DNA 
fragments under conditions favourable for the annealing of RNA-
DNA hybrid molecules (see Materials and Methods). After hybrid 
formation the protruding single-stranded DNA and RNA is digested 
with S.-nuclease. The length of a partially protected DNA frag­
ment determines the position of a 5'-mRNA end. Accurate size 
calibration of these S. resistent DNA fragments was obtained by 
partial chemical degradation, according to the method of Maxam 
& Gilbert (1977), of the same DNA fragments which was used for 
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Fig. 3. Nucleotide sequence analyses of the 5 ' - t e r m i n a l ends of 9S RNA 
(A), 19S RNA (В), 14S RNA (С) and llSb RNA (D). (A) Autoradiograph of 5 ' -
end laoeled 9S RNA a f t e r p a r t i a l enzymatic d i g e s t i o n with RNase A, RNase 
U2 and RNase T l , followed by e l e c t r o p h o r e s i s througn a 20% Polyacrylamide 
g e l . The des ignat ions r e f e r t o the b a s e - s p e c i f i c i t i e s of the enzymatic 
r e a c t i o n s . L r e f e r s t o non-speci f ic p a r t i a l degradation in b o i l i n g water. 
(B) The DNA fragment HaelII-O-bbnfI-H2, extending from nucleot ide 
p o s i t i o n 4867 - 6042 and labeled a t the S '- terminal end of the codogenic 
s t r a n d , was hybridized t o t o t a l c e l l u l a r RNA. After anneal ing, hybrids 
were d iges ted with 0 (-) , 250 ( + , l e f t ) and 1500 ( + , r i g h t ) U/ml of S -
nuclease , r e s p e c t i v e l y . The m a t e r i a l was denatured and run on a 5% 
sequencing ge l in p a r a l l e l with p a r t i a l chemical degraded products of the 
same DMA fragment which was used for RNA-DNA h y b r i d i z a t i o n . The des ig­
n a t i o n s r e f e r t o the b a s e - s p e c i f i c i t i e s of these chemical r e a c t i o n s . (C) 
Similar as in Fig . 3B except t h a t fragment Taql-C-Hznfl-El was used. 
This fragment extends from nucleot ide p o s i t i o n 336-490. (D) Similar as in 
Fig. 3B except t h a t the separated s t rands of fragment Hznfl-Jl were used. 
This fragment extends from nucleot ide p o s i t i o n 511 - 72 3. Analysis of the 
coaogenic s t rand i s shown t o the l e f t and of tne non-codogenic s t rand i s 
shown t o the r i g h t . 
RNA-DNA h y b r i d i z a t i o n . 
A u t o r a d i o g r a p h s of t h r e e d i f f e r e n t p r o t e c t e d DNA p r o b e s r u n 
a l o n g h i g h r e s o l u t i o n s i z e m a r k e r s a r e shown i n F i g . 3 . As t h e 
s t a r t i n g p o s i t i o n of 19S RNA was e x p e c t e d t o b e a r o u n d G-
 q : ) 
( n u c l e o t i d e p o s i t i o n 5900), t h e fíaelII-D-Нгп£I-H- fragment 
( n u c l e o t i d e p o s i t i o n 5867 - 6042), l a b e l e d a t t h e 5 ' - e n d of t h e 
codogenic s t r a n d , could be used as a s u i t a b l e h y b r i d i z a t i o n probe. 
Upon RNA-DNA h y b r i d i z a t i o n and subsequent d i g e s t i o n of t h e p r o -
t r u d i n g s i n g l e - s t r a n d e d m a t e r i a l , one major and s e v e r a l minor 
RNA-DNA dup lexes a r e formed (F ig . 3B). S ince t h e minor bands of 
low m o b i l i t y a r e no l o n g e r v i s i b l e in case t h e r e a c t i o n i s c a r -
r i e d out a t a h i g h e r enzyme c o n c e r t r a t i o n (F ig . 3B), t h e s e bands 
a r e t h e r e s u l t of incomple te d i g e s t i o n of t h e s i n g l e - s t r a n d e d 
p a r t s of t h e DNA-RNA h y b r i d m o l e c u l e s . O v e r d i g e s t i o n , however, 
a l s o r e s u l t s in t r imming off t h e ends of t h e d o u b l e - s t r a n d e d DNA-
RNA duplex molecu les because p a r t of t h e l a b e l , p r e s e n t in t h e 
major band, i s l o s t a f t e r d i g e s t i o n a t h i g h e r enzyme c o n c e n t r a -
t i o n s (cf . + l a n e s , F i g . 3B). The minor bands of h igh m o b i l i t y 
a r e a lmos t c e r t a i n l y due t o t h e f a c t t h a t t h e 3 ' - t e r m i n a l end of 
t h e p r o t e c t e d DNA fragment i s r i c h in AT b a s e s , w h i l e i t s l a b e l e d 
5 ' - e n d i s G C - n c h . I t i s known t h a t o v e r d i g e s t i o n wi th S « - n u c l e -
a se then l e a d s t o an u n i l a t e r a l d e g r a d a t i o n and r e s u l t s m t h e 
format ion of a r t e f a c t u a l l y sho r t e ne d probes (Weaver & Weissmann, 
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1979). It is also known that fragments generated by chemical 
reactions migrate one and a half nucleotide faster than the cor­
responding fragments generated by S.-nuclease digestion (Sollner-
Web & Reeder, 1979). Chemical reactions leave a 3'-phosphate 
group while S1-nuclease leaves a З'-hydroxyl group. Furthermore 
chemical reactions eliminate the 3'-terminal modified nucleotide. 
Making allowance for these data the major band (Fig. 3B) maps 
the 5'-end of 19S RNA at position 5970 of the established M13 
nucleotide sequence. This indicates that in vivo this RNA species 
starts with 5'-GUUUUUG— (Fig. 3B, Fig. 4). This result is com­
pletely supported by our -in vitro transcription studies which have 
demonstrated that the synthesis of 19S RNA is initiated with GTP 
(Edens et al., 1976). 
As the start position of 14S RNA is expected around nucleo­
tide 400 (G. Q,) the restriction fragment Taql-C-Hinfl- H ., (nucleo­
tide position 336 - 490) should enable us to map its 5'-end. As 
shown in Fig. 3C we now have to conclude that its initiation site 
is located at position 425 (cf. Fig. 4). Since upon incubation 
of the hybrid molecules with a high enzyme concentration still 
two S. resistent DNA fragments are present (Fig. 3C) it must be 
concluded that a minor part of 14S RNA is initiated at position 
424. Also these data are in complete accordance with in vitro 
transcription studies (Edens et al., 1976; Sugimoto et al., 1975; 
Heyden et al., 1975). 
From the results presented in Frg. 3D we could conclude that 
the 5'-terminal nucleotides of the secondary transcript HSb are 
located at nucleotide position 681, 682 and 683 (cf. Fig. 5). 
Because the label is almost equally distributed among the three 
protected fragments we assume that also the 5'-end of this RNA 
species is somewhat heterogeneous. This assumption is supported 
by our observation that the two upper bands did not disappear in 
case the hybrid molecules were digested at a higher enzyme con­
centration (data not shown). 
For the latter experiment the purified single-strands of 
fragment HintI-J« have been used. Upon annealing to total cellular 
RNA the non-codogenic strand is not protected against S.. -nuclease 
digestion (Fig. 3D). Since our RNA preparations always contain 
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-35 -10 
1155 
A G ftATCTCCGTTGTftCTTTGTTTCGCGCTTGGTATAftTCGCTGGGGGTCftA 
772 ι 
G a GTAGATTTTTCTTCCCAACGTCCTGACTGGTATAATGAGCCAGTTCTTA 
382 |
 ψ 
G CTTTTTGATGCAATCCGCTTTGCTTCTGACTATAATAGTCAGGGTAAAG 
5927 l 
G GTTAACGTTTACAATTTAAATATTTGCTTATACAATCTTCTTCTTTTTG 
789 
В G„ , „ b ACGTCCTGACTGGTATAATGAGCCAGTTCTTAAAATCGCATAAGGTAAT 0 . 1 2 — — 
6203 
G TTTACCTACACATTACTCAGGCATTGCATTTAAAATATATGAGGGTTCT 
Fig. 4. (A) Nucleotide sequences of promoter s i t e s which are opera t ive 
both -in VÌVO as well as in vitro. (В) Nucleotide sequences of RNA i n i t i a t i o n 
s i t e s which are not o p e r a t i v e in vivo.The ex i s tence of these s i t e s has been 
proposed on b a s i s of the r e s u l t s of in vitro t r a n s c r i p t i o n s t u d i e s and on 
the b a s i s of homology to the consensus sequence of E.aoli promoters 
(Scherer et al., 1978, S i e b e n l i s t et al., 1980). Nucleotides i d e n t i c a l t o 
the consensus promoter sequence are under l ined. Arrows r e f e r t o the 
p o s i t i o n s where RNA s y n t h e s i s i s i n i t i a t e d . Since the RNA i n i t i a t i o n s i t e s 
^ 0 . 1 2 а a n ^ G0.12b a r e shifted by only 17 bases, it is likely that the latter 
was positioned incorrectly in previous publications (Schaller et al., 1978; 
Van Wezenbeek et al., 1980). 
minor amounts of M13 DNA we feel confident to conclude that under 
the conditions used formation of duplex DNA molecules is prohi­
bited. Upon annealing to total cellular RNA part of the codogenic 
strand is, however, fully protected (Fig. 3D). We assume that 
this complete protection against S,-nuclease digestion is the 
result of hybridization to RNA species (e.g. 14S and 19Ξ RNA) 
which completely overlap the Hinfl-J. fragment. 
By using the same techniques we also have been able to map 
the 5'-terminal ends of llSa, HSc and llSd RNA. The results of 
these studies are summarized in Fig. 4 for the primary transcripts 
and in Fig. 5 for the secondary transcripts. Our efforts to map 
the 5'-terminal ends of 13Sb and 13Sc have not yet been succes-
full. Most probably this is due to the fact that in infected cells 
only very small amounts of these RNA species are made (cf. Fig. 2A, 
lane 7). 
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Fig . 5. Nucleotide sequences surrounding the RNA processing s i t e s present 
in 14S RNA. Nucleotide pos i t i ons are ind ica ted according to van Wezenbeek 
et al. (1980). The S ' - t e rmina l ends of the primary t r a n s c r i p t s 8S, HSd 
and 14S as well as the t r a n s c r i p t i o n terminat ion s ignal TQ_25 are shown. 
Ver t i ca l arrows r e f e r t o the s i t e s where the primary t r a n s c r i p t s are 
cleaved. The p o t e n t i a l consensus sequence of the processing s igna l s are 
under l ined. I n i t i a t i o n and terminat ion codons are marked by hor i zon ta l 
arrows and a s t e r i s k s , r e s p e c t i v e l y . Nucleotides of the nbosome binding 
s i tes ,which are complementary to the З'-ОН terminal sequence of 16S 
ribosomal RNA, are d o t t e d . The p o s i t i o n s of the amber mutat ions fd i22 ' 
cm7-H2 and атТ-НЗ are i n d i c a t e d . The Gibbs free energ ies of s t a b i l i z a t i o n 
in kcal/mol of the var ious stem-loop s t r u c t u r e c a l c u l a t e d according t o 
the r u l e s of Tinoco et al. (1973) are (from l e f t t o r i g h t ) -18.2, -10.2, 
- 7 . 0 , -7 .6 , - 9 . 0 , -8.5 and -20.0. 
On t h e b a s i s of h o m o l o g y t o t h e c o n s e n s u s s e q u e n c e f o r 
E.coli p r o m o t e r s ( S c h e r e r et al., 1 9 7 8 ; S i e b e n l i s t et al., 1980) two 
d i f f e r e n t RNA i n i t i a t i o n s i t e s f o r l l s d RNA h a v e b e e n p r o p o s e d 
( S c h a l l e r et al., 1 9 7 8 ; H u l s e b o s , 1 9 8 0 ) . Our d a t a , h o w e v e r , 
d e m o n s t r a t e t h a t o n l y o n e o f t h e s e RNA i n i t i a t i o n s i t e s , w h i c h 
i n i t i a t e s RNA s y n t h e s i s a t p o s i t i o n 814, i s f u n c t i o n a l in vivo 
( F i g . 4 ) . T h i s p o s i t i o n o f t h e l l S d p r o m o t e r makes s e n s e s i n c e 
i n i t i a t i o n a t t h e o t h e r s i t e ( p o s i t i o n 832 o r 833) d e s t r o y s p a r t 
o f t h e n b o s o m e b i n d i n g s i t e o f g e n e V ( F i g . 4 a n d F i g . 5 ) . 
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As indicated in Fig. 5, there is little sequence homology 
between the nucleotide sequences surrounding the RNA cleavage 
sites. In all cases processing occurs, however, within a stretch 
of pynmidines (UUUCU) . It is furthermore conspicuous that the 
cleavage sites are immediately followed by a nucleotide sequence 
which possesses the intrinsic property to form a stable hairpin-
like structure. Since the recognition signals of several RNA 
processing enzymes, e.g. RNase III, RNase Ρ or RNase E, are 
composed of distinctive features of secondary and tertiary 
structure and of some specific RNA sequences (Apirion et al., 
1980; Apirion & Gegenheimer, 1981) it is an attractive idea to 
suppose that both the pynmidire track as well as the stem-loop 
structure form recognition signals for the hitherto unidentified 
enzyme(s) responsible for the processing of the M13 encoded mRNAs. 
DISCUSSION 
From the results described it can be concluded that in the 
infected cell at least thirteen M13 specific RNA species are 
made. Ten of these RNA species are transcribed from the DNA 
region encompassing the contiguous genes II through VIII and 
their synthesis is terminated at the previously detected termin­
ation signal Τ. »j, (Edens et al., 1975) . RNA species larger than 
2000 nucleotides (19S) have not been observed. From these data 
we infer that genes II through VIII are expressed in vivo accord­
ing to a cascade-like mechanism of transcription. 
Only four of the RNA species transcribed from the DNA 
region encompassing genes II through VIII are primary transcript­
ion products (i.e. 8S, HSd, 14S and 19S). This conclusion is not 
only based upon the observation that at least two of these RNAs 
possess a nbonucleoside triphosphate at the 5'-terminal end, 
but also on the observation that they comigrate on Polyacrylamide 
gels with RNAs synthesized in vitro under the direction of M13 RF 
(Smits et dl., 1980). Furthermore, the 5'-terminal nucleotides of 
these RNA species have now been found to be in a region which 
resembles the consensus sequence of E.aoli promoters (Fig. 4). In 
addition, these transcripts are very rapidly labeled with [3H]-
uridine and reduction of radioactivity m these RNA molecules 
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Starts immediately after addition of nfampicin. From these data 
we feel confident to conclude that the RNA initiation sites 
G 0 1o/ Gn i9/ Gn ., and G- __, previously detected in vitro, are 
operative as such in the infected cell. This conclusion has re­
cently been confirmed by in г о studies with recombinant DNAs 
obtained after insertion of restriction fragments of M13 RF into 
the promoter-probe plasmid pBRH2 (van Wezenbeek, 1981). 
In contrast to our in vitro transcription studies (Edens et 
al., 1975, 1976) we have not been able to demonstrate that also 
in vivo a 17S RNA species is made which is initiated at G. _„ 
(Fig. 1). The reason for this might be that 17S RNA is already 
degraded or processed into smaller RNA species before its syn­
thesis is termirated. Another possibility might be that the in 
vitro detected RNA initiation site G- „Q does not function as a 
promoter in vivo. We favour the latter possibility since we have 
not found an in vivo synthesized RNA species whose 5'-end maps 
within this region. The reason why an in vitro detected RNA 
initiation site does not function in vivo is, however, not known. 
Six of the RNA species transcribed from the DNA region en­
compassing genes II through VIII (i.e. 9S, llSc, llSb, USa, 13Sc 
and 13Sb) are the result of processing of precursor molecules. 
The 5'-terminal ends of four of these RNAs have been mapped at 
the nucleotide level. They are all located within a UUUCU con­
sensus sequence which is followed immediately by a fairly stable 
stem-loop structure (Fig. 5). Since all processing sites have 
these characteristics in common, it is an attractive idea to 
propose that these elements form the recognition signals for the 
processing enzyme(s) involved. Although direct evidence is lack­
ing data will be discussed which support this "RNA processing 
hypothesis". Furthermore a model will be presented in which the 
processing events play a fundamental role m the expression of 
genes II through VIII. This model will be described on the basis 
of the nucleotide sequence of 14S RNA (Fig. 5) as all processing 
sites studied in this report are contained within this sequence. 
As indicated in Fig. 5 the ribosome binding site (RBS) m 
front of gene X shows very strong complementarity to the 3'-OH 
terminal sequence of 16S nbosomal RNA (Shine & Dalgarno, 1974). 
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However, upon incubation of in vitro synthesized 14S RNA with 
ribosomes Pieczenick et al.3 (1974) failed to isolate the RBS of 
this gene. It also has been observed that gene X-protein is only-
made in substantional amounts in a coupled transcription-trans­
lation system whereas in an RNA dependent translation system its 
synthesis can hardly be detected (Edens et αι., 1978). Also in 
cells and minicells gene X-protein is synthesized in very small 
amounts (Yen & Webster, 1981) despite the fact that in both 
systems reasonable amounts of 14S RNA are made (Fig. 2). These 
phenomena can be explained by assuming that the RBS of gene X is 
implicated in the very stable stem-loop structure drawn in Fig. 
5. Huang & Hearst (1980) have classified the corresponding 
structure in the viral DNA as one of the most stable secondary 
structures present in the filamentous phage genome. This struc­
ture, once formed, may hinder the binding of ribosomes to the 
RBS in front of gene X. In case sufficient ribosomes are available 
this RBS will already be loaded by ribosomes before the 3'half 
of the hairpin has been synthesized. As a result, the gene X-
cistron will be completely covered by ribosomes which,in turn, 
prevents the formation of other secondary structures. Consequent­
ly, processing of 14S RNA into secondary transcripts will not 
occur and gene X-protein will be synthesized. If ribosome binding 
at the RBS of gene X is hindered by the secondary structure men­
tioned, then the region between this structure and the RBS of 
gene V will shade off into its most stable secondary structure 
(Fig. 5). The processing signals will be formed and 14S RNA is 
specifically degraded into USa, HSb and HSc RNA. Hybridization 
studies, performed with the RNA species synthesized after the 
addition of rifampicin, have learned that 13Sb and 13Sc RNA are 
most probably intermediates in these processing reactions (Fig. 
6B). This hypothesis is supported by the presence of two UUUCU 
consensus sequences (position 453 and 460, Fig. 5) in front of 
a stem-loop structure in that part of the 14S messenger where, 
on the basis of length measurements, the 5'-ends of 13Sb and 
13Sc are located. These pulse-chase experiments also indicate 
that 30 seconds after the addition of rifampicin more label is 
present in USa RNA then in llSb or HSc RNA. Sixty seconds later, 
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Fig. 6. Fluorographic p a t t e r n s of Η-labeled RNA species synthesized 
in infected c e l l s . (A) Fluorographs obtained a f t e r f r a c t i o n a t i o n of t o t a l 
c e l l u l a r RNA. Ten minutes a f t e r i n f e c t i o n the c e l l s were labeled for the 
i n d i c a t e d times with [ н ] - u r i d i n e in the presence of 200 ug/ml r i fampic in . 
(B) Fluorographs obtained a f t e r f r a c t i o n a t i o n of the RNA species which 
hybridize t o M13 RF. Ten minutes a f t e r i n f e c t i o n the c e l l s were labeled 
for the ind ica ted times with [^н]-uridine in the presence of 200 yg/ml 
r i fampic in . The p a t t e r n of RNA s p e c i e s , i s o l a t e d 15 min a f t e r i n f e c t i o n 
and labeled for 5 min with [^HJ-uridine, i s shown in lane 5. (C) Fluoro­
graphs obtained a f t e r f r a c t i o n a t i o n of the RNA species synthesized in 
wild-type (lane 1) or amber mutant fdj22 in fected c e l l s ( lanes 2 and 3) 
which hybridize t o M13 RF. Ten minutes a f t e r i n f e c t i o n the c e l l s were 
labeled for the i n d i c a t e d times with [ •'H]-uridine. 
H S b i s t h e m o s t p r e d o m i n a n t b a n d , w h e r e a s a t 180 s e c o n d s a f t e r 
t h e a d d i t i o n o f r i f a m p i c i n t h e m a j o r i t y o f t h e r a d i o a c t i v i t y i s 
p r e s e n t i n H S c RNA ( F i g . 6 A ) . T h e s e r e s u l t s i n d i c a t e t h a t t h e 
p r o c e s s i n g p r o c e s s o c c u r s i n a s t e p w i s e f a s h i o n . S i m i l a r o b s e r ­
v a t i o n s h a v e b e e n made by Cashman et dl. (1980) f o r t h e c o r r e s p o n d ­
i n g t r a n s c r i p t s of t h e c l o s e l y r e l a t e d p h a g e f l . 
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In an -in vitro translation system 19S RNA, 14S RNA as well as 
IIS RNA species direct the synthesis of relatively larger amounts 
of gene V-protein than gene VHI-protein (Cashman & Webster, 
1979). This observation is consistent with the fact that the RBS 
of gene V shows considerable more complementarity to the 3'-OH 
terminal end of 16S ribosomal RNA then the RBS of gene VIII. As 
shown in Fig. 5 both sites are not blocked by intramolecular 
basepairing nor is ribosome attachment hindered by neighbouring 
secondary structures. We infer that the large amount of gene V-
protein synthesized in the infected cell is not solely due to 
the efficient translation of the gene V-cistrons present on 19S 
and 14S RNA but also on the secondary IIS RNA transcripts. The 
processing reactions within the gene X-cistron thus lead to a 
constantly replenished pool of RNAs which efficiently can be 
translated into gene V-protein. The processing events further-
more prevent the synthesis of large amounts of gene X- and 
probably also of gene II-protein. The contribution of the primary 
transcript llsd to the high level of gene V-protein synthesis 
is probably not very significant. In infected cells H S d RNA 
is present in only very small amounts which are degraded very 
rapidly ("half-life" about 1.5 min, Fig. 6B). On the contrary, 
the secondary products H S b and H S c have "half-lives" of about 
5 min and are present, in comparison to HSd RNA, in large 
amounts. Probably, due to the secondary structure taken up by 
their 5'-terminal ends the latter RNA species are protected 
against further RNA degradation. 
Ribosomes translating the gene V cistron theoretically can 
prevent the formation of at least two hairpin structures. One is 
indicated in Fig. 5 (position 1053 - 1089) and is preceded by a 
UUUCU consensus sequence. The other can be formed from position 
973 - 994 but, due to differences in nucleotide sequence (van 
Wezenbeek et al., 1980), the latter is more stable in RNA tran-
scribed from the DNA of the closely related phage fd. Theoretical-
ly, premature termination of translation at an amber codon at 
position 906 (amber mutant fd.--. Fig. 5) can induce the form-
ation of these hairpins in fd-specific RNA. Consequently, pro-
cessing signals with similar characteristics as the postulated 
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processing signals present in the gene X cistron are created. To 
find out whether indeed processing at these signals occurs, we 
have analysed the RNA species made in fd.-- infected cells. As 
shown in Fig. 6C, in these cells two new phage-specific RNA 
species, about 520 and 605 nucleotides long, are synthesized. If 
it is assumed that their synthesis is terminated at T. __, then 
their 5'-terminal ends are located immediately in front of the 
above mentioned stem-loop structures. Similar observations, in 
particular with respect to the signal at position 1053 - 1089, 
have been made with M13 amber-V mutants. Since the latter RNA 
molecules are beanly detected in cells infected with wild-type 
phages (Fig. 6C,lane 1) these data suggest that only ribosome-
free RNA is the substrate for the processing enzyme(s). 
Based upon the observation that amber mutations in gene V 
are polar on the expression of the contiguous genes VII and IX 
(Simons et al., 1981a, 1981b, 1982b), it has been suggested that 
these genes form an operon. Adhya & Gottesman (1978) have propos-
ed a model which explains the polarity in several E.coli opérons 
at the transcriptional level. In this model polarity is caused 
by a Яйо-induced premature termination event at a site distal to 
an amber codon. Since our experiments have clearly demonstrated 
that the polycistronic RNAs coding for gene V-, VII- and IX-
protein are still present in non-permissive cells infected with 
phages having am amber mutation in either gene V (Fig. 6C) or 
in genes VII and IX (data not shown), such a Ffto-induced termin­
ation event seems to be a very unlikely explanation for the gene 
V, VII, IX polarity. On the contrary, Simons (1982a) recently 
has demonstrated that reinitiation of translation at the start 
codons of gene VII and gene IX, due to a rearrangement of ribo-
someswhich have terminated translation at their proximal cistrons, 
is a mechanism which might explain the polarity among these 
genes. Now evidence has been provided that in ribosome-free RNA 
the secondary structures, drawn in Fig. 5, really exist, an 
additional explanation for the observed polarity might be given. 
Under wild-type conditions nbosomes which translate the 
gene V cistron prevent the formation of the hairpin within the 
end of this cistron (position 1053 - 1089). At the end of the 
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gene V cistron nbosomes dissociate and diffuse into the cyto­
plasm. Initiation of gene Vll-protein synthesis will only in­
frequently occur as the RBS m front of gene VII is very weak 
(cf. Fig. 5). Premature termination of translation of the gene 
V cistron allows the formation of the hairpin mentioned. Besides 
the induction of a processing event this structure will also 
prevent by steric hindrance the attachment of nbosomes to the 
RBS of gene VII. Consequently, no gene Vll-protem can be made 
(Hulsebos, 1980). Gene IX is equipped with a very strong RBS 
(cf. Fig. 5). Ribosome attachment is, however, hindered by the 
neighbouring secondary structure (position 1143 - 1194). Ribo-
somes which translate the gene VII cistron prevent the formation 
of this hairpin and thus allow frequent initiation of gene IX-
protein synthesis. 
This model is supported by the behaviour of the amber VII 
mutants am7-H2 and am7-H3. Complementation studies have revealed 
that am7-H2 mutants are incapable of complementing the genetic 
defect in the gene IX amber mutant am9-Nll3. Thus, the am7_H2 
mutation exhibits polarity on the expression of gene IX. On the 
contrary the am7-H3 mutation exhibits no polarity on the expres­
sion of gene IX (Simons et al., 1982a). In am7_H2 nbosomes are 
stalled at position 1114 whereas in ат7-НЗ nbosomes are stalled 
at position 1141 (cf. Fig. 5). Only m the latter situation 
formation of the secondary structure from position 1143 - 1193 
will be prevented. Consequently, nbosomes can entry the RBS of 
gene IX, translate the gene IX-cistron and complementation will 
be observed m case E.aoli cells are simultaneously infected with 
am7-H3 mutants and am9-N113 mutants. 
Irrespective the mechanism that is operative in the infected 
cell, in both instances gene Vll-protein can only be made on 
transcripts that also express the gene V cistron. Gene IX-protein 
can only be synthesized on transcripts that express simultaneous­
ly the cistrons coding for gene V- and gene Vll-protem. In the 
infected cell, gene VII- and gene IX-protein are made m very 
small amounts, either due to the fact that the RBS of gene VII 
is very weak or, in case the translational reinitiation mechanism 
is underlying the polarity, due to the fact that translational 
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reinitiation is a rare event. Anyway, during the course of the 
infection process, a substantional fraction of the RNA molecules 
which contain the gene V cistron are not loaded with ribosomes 
between the end of gene V and the beginning of gene VIII. This 
allows the formation of a hairpin structure (position 1143 -
1193) just beyond a UUUCU consensus sequence, resulting in the 
formation of an additional RNA processing signal. Cleavage of 
the RNA at this site results m the formation of 9S RNA (Fig. 5). 
We assume that 14S RNA and probably also 19S RNA are processed 
into 9S RNA via the functional IIS RNA intermediates. This con­
clusion is based upon our observation that the IIS RNA species 
can be detected earlier in the infection process than the 9S 
RNA (Fig. 6; chapter V, Fig. 9). 
From the observation that the synthesis of gene IX-protein 
is completely dependent on translation of the cistrons coding 
for gene V- and gene Vll-protem (Simons et al., 1982b), the 
conclusion seems to be justified that gene IX-protein cannot be 
synthesized on 9S or 8S RNA, although the whole coding inform­
ation for this protein is included in both transcripts. With the 
aid of complementation experiments and differential labeling 
studies, using wild-type RF, amber mutant RF and recombinant Plas­
mids, Simons (1982a) arrived to the same conclusion. An explanation 
for this observation might be that nbosome attachment to the 
RBS of gene IX is hindered by the neighbouring secondary struc­
ture at the 5'-end of 9S RNA (Fig. 5). The region which preceeds 
the initiation codon of gene IX on 8S RNA might be too short 
to allow firm nbosome binding. 
From the results presented in this study and previous obser­
vations, we now can understand how the infected cell accomplishes 
the very large amount of gene VHI-protein synthesis (about 
600.000 molecules of this protein are made per cell-generation). 
i. RNA synthesis is initiated at a high frequency at the pro­
ximal promoter 0
η
 ., „ • The 8S RNA has been found to comprise as 
much as 2% of the RNA synthesized in M13 infected cells (Rivera 
et al., 1978) . 
il. In comparison to most other prokaryotic messenger RNAs, the 
8S RNA molecule is very stable. It has been demonstrated that 
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this message has a physical as well as a biological half-life of 
about ten minutes (Rivera et al., 1978; La Farina & Model, 1978; 
Cashman et α2..,1980) . 
iii. The 8S RNA is efficiently translated into gene VHI-protein 
(Rivera et al., 1978). The properties of its RBS, i.e. consider­
able complementarity to the 3'-OH terminal end of 16S rRNA and 
no steric hindrance by neighbouring secondary structures, are in 
accordance with this observation (Fig. 5). 
iv. Due to its position at the end of the cascade, gene VIII 
protein potentially can be translated from several stable mRNA 
species. This has been confirmed by in vitro translation studies 
which have indicated that substantional amounts of this protein 
are synthesized on 8S and 9S RNA as well as on the IIS, 14S and 
19S RNA species (Smits et al., 1980; Cashman étal., 1979). 
Extracts prepared from cells infected with gene V amber 
mutants contain a higher level of gene II- and gene X-protein 
then extracts prepared from wild-type infected cells. These pro-
teins are also present in larger quantities in cells grown at 
420C instead of at 370C (Horiuchi et al., 1978; Meyer & Gelder, 
1979; Yen & Webster, 1981, 1982). At 370C gene X-protein reaches 
its maximal concentration after 5-10 min of infection, whereas 
the concentration of gene II-protein reaches a plateau after 
about 20 min. In contrast, when gene V-protein is absent or in-
active both proteins continue to accumulate at a high rate for 
at least 40 min after infection (Yen & Webster, 1981, 1982). In 
several of these reports these observations have been explained 
by stating the wild-type gene V-protein is somewhat thermolabile 
and that it controls the gene II-and gene X-protein concentration 
by repressing transcription or translation. Our unpublished data 
and the data presented in Fig. 6C indicate that the mRNAs coding 
for gene II- and gene X-protein (19S and 14S RNA) are present 
in gene V amber mutant infected cells in the same relative 
amounts as in wild-type infected cells. This suggests that mature 
gene V-protein does not exert a modulating effect on RNA synthesis 
initiated at promoters G. ,.„ and G0 0,. This conclusion has re-
cently been confirmed by Yen & Webster (1982) who provided con-
vincing evidence that in wild-type infected cells gene V-protein 
175 
represses the synthesis of gene II- and gene X-protein at the 
level of translation. Hitherto, the mechanism for gene V-protein 
to effect this control, is not known yet. 
Another puzzeling aspect of the regulation of gene expres-
sion is the difference in time observed for the shutdown for 
gene II- and gene X-protein synthesis. In this context it might 
be of relevance that at 10-15 min after infection a vast amount 
of the translation machinery is involved in the synthesis of gene 
V- and gene VHI-protein. At this time the concentration of their 
coding messages reaches its highest level (Smits et al., 1980). 
About 600.000 and 200.000 molecules of gene VIII- and gene V-
protein, respectively, are made per cell-generation. We infer 
that due to the increasing amounts of gene V- and gene VIII 
messages synthesized at the later stages of infection the pool 
of ribosomes, available for translation of other phage- and 
host-encoded messages, gets exhausted. As a consequence, the 
gene II- and X-protein coding mRNA are more rapidly shaded off 
into their most stable secondary structure and form substrates 
for the processing enzyme(s). This hypothesis is supported by our 
observation that immediately after infection the processing 
reaction is relatively slow and speeds up during the course of 
infection (data not shown). Consequently, early after infection 
larger amounts of gene II- and gene X-protein are synthesized per 
RF molecule. This indicates that, besides the gene V-protein 
mediated control, the degree of secondary structure formation 
and processing of primary transcripts are also very important 
elements which regulate the synthesis of gene II- and gene X-
protein. The secondary structures present within the gene X-
cistron of 19S RNA can be disrupted by ribosomes which have ini-
tiated translation at the start of gene II. On the contrary. 
within 14S RNA these structures cannot be disrupted by transla-
ting ribosomes since the RBS of gene X is sequestered by one of 
these hairpins (Fig. 5). Therefore, secondary structure formation 
followed by processing might have a larger regulatory effect on 
the synthesis of gene X-protein then on the synthesis of gene II-
protein. This, in turn, might explain the different times ob-
served for the shutdown of synthesis for these proteins (Yen & 
Webster, 1982) . 
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CHAPTER VII 
THE TRANSCRIPTION PRODUCTS OF GENES III, VI, I AND IV 

THE TRANSCRIPTION PRODUCTS OF GENES III, VI, I AND IV 
ABSTRACT 
Upon infection of E.coli with bacteriophage M13, the DNA 
region encompassing the contiguous genes III, VI, I and IV is 
expressed in at least eight phage-specific RNA species. Genes 
III and VI are expressed via an RNA species, 1800 nucleotides 
long, which is initiated in the intergenic region between genes 
VIII and III and terminated at a transcription termination signal 
located in the amino-terminal part of gene I. Hitherto we have 
not been able to detect an RNA species that contains the complete 
genetic information of gene I. On the contrary, we have identi-
fied three RNA species which only contain part of this gene I. 
Expression of gene IV is accomplished by initiation of RNA 
synthesis at a promoter which is located immediately in front of 
gene IV. The synthesis of this RNA is terminated in the inter-
genic region between genes IV and II at four different sites, 
each located within or downstream a region of extraordinary dyad 
symiretry. 
INTRODUCTION 
After infection of E.aol-i with bacteriophage M13 not all 
virus encoded proteins are synthesized in equimolar amounts. The 
products of genes V and VIII are synthesized in very large 
quantities whereas the other phage-specific products are synthe-
sized in relatively small amounts. They can only be detected 
by applying techniques which suppress the synthesis of host-
encoded proteins. This enormous difference in the synthesis of 
the various gene products is reflected in part in the transcript-
ion process of the M13 genome. In the previous Chapters it has 
been described how the expression of the contiguous genes II, X, 
VII, IX and VIII is regulated. Much less is known about the ex-
pression of the remaining part of the genome comprising the 
genes III, VI, I and IV. 
In vitro transcription and translation studies have indicated 
that in the latter genome area RNA synthesis is initiated at four 
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different sites (X. „_, A 0 .., A 0 ._ and A. ,.; Fig. 2) each 
located in front of a gene (1,2). Upon insertion of M13 DNA frag­
ments into the promoter probe plasmid PBRH2, pronounced promoter 
activity could be assigned to the fragments encompassing the 
A_ ,. RNA initiation site (3). Under these in vivo conditions, 
fragments bearing the Χ- „¡-, A- .. and A 0 .» RNA initiation sites 
did not exhibit promoter function. These data therefore deviate 
from the results obtained with іл vitro transcription and trans­
lation studies but are partly in accordance with genetic studies 
which suggest that genes III, VI and I form an operon (4). 
In the absence of transcription termination factor Pho, RNA 
synthesis in vitro is terminated at termination signal T-
 7t-
(Fig. 2) whereas in the presence of Pho the lengths of the RNAs 
transcribed from the genome area encompassing genes III through 
IV is specifically shortened (1,5). Based upon these data it has 
been suggested that a .Mo-dependent transcription termination 
signal is located immediately after gene IV (5). Neither m mini-
cells nor in M13 infected cells RNA species have been detected 
with sizes which correspond to the distance between the Χ- „^, 
A„ .., A„ .r, and A„ , . initiation sites and the transcription 0.44 0.49 0.64 * 
termination signal T. „_ (6,7; Chapter III). Furthermore in in­
fected cells no mRNA species have been found which are able to 
direct in vitro both the synthesis of gene III- as well as gene 
IV-protein (8). Based upon these observations it has been sug­
gested that on the M13 genome still other transcription termin­
ation signals are located which have escaped detection during 
in vitro transcription studies. Transcriptional activity measure­
ments have suggested that these transcription termination sites 
are located immediately downstream genes VI and IV (7). Since 
these measurements rely on the quantitation of the amount of RNA 
produced from different parts of the genome it is not possible, 
however, to discriminate between transcriptional pause or 
transcriptional termination sites. 
As a first step towards a better understanding of the mecha­
nisms which regulate the expression of genes III through IV, we 
have attempted to construct a transcription map of this part of 
the M13 genome. In addition, with the aid of S^-nuclease protect-
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ion experiments potential regulatory elements have been mapped on 
its established nucleotide sequence (9). 
MATERIALS AND METHODS 
If not indicated otherwise, all of the Materials and Methods 
used have been described in the previous Chapters. 
The З'-ends of restriction fragments were labeled with 
(a-32P)-dCTP and Th DNA polymerase as described by Donelson (10). 
E.coli strain AD1600 bearing a conditional lethal .fffro-protein 
was obtained from S. Adhya (11). 
RESULTS AND DISCUSSION 
Hybridization studies, performed with either pulse-labeled 
or long-term labeled RNA isolated from infected cells, have shown 
that the DNA region encompassing genes III, VI, I and IV is tran­
scribed at a very low frequency (7). A detailed analysis of the 
phage-specific RNA species from this part of the phage genome is 
therefore experimentally difficult. For this reason and to ex­
clude any interference of our results with the transcription pro­
ducts encoded by the host cell genome, we have preferentially 
used the miniceli system for the identification of the RNA 
derived from this part of the M13 genome. To this end [3H]-
uridine labeled RNA, isolated from minicells, was hybridized on 
a preparative scale to defined DNA fragments of this genome area. 
The RNA which hybridized was identified on 2.5% Polyacrylamide 
gels. A few examples of the results obtained are shown in Fig. 1. 
It can be concluded that at least eight discrete RNA species are 
transcribed from this part of the genome. In Fig. 2 a schematic 
representation of the collected data is presented. 
To determine the precise positions of the 5 1- and 3 1-
terminal ends of these transcripts, various restriction fragments 
which were labeled at their 51- or 3'-terminal ends were hybrid­
ized to total RNA isolated either from minicells, containing M13 
RF, or from M13 infected cells. Annealing was carried out under 
conditions favourable for the formation of DNA-RNA but not for 
DNA-DNA hybrid molecules (12). After removal of the single-
stranded protruding DNA and RNA ends with S^-nuclease the 
183 
А В С D E F G H I J К L M Ν 
МП 
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Fig. 1. Fluorographs of (^Н)-uridine labeled RNA s p e c i e s , i s o l a t e d from 
m i n i c e l l s , which hybridize to denatured Ml 3 RF (lanes Α,Ρ,Ν) or t o the 
r e s t r i c t i o n fragments Haelll-A (lane B), Taql-A^ 2 (lane C), Hapll-A 
(lane D), Hhal-E (lane E), Taql-C (lane G), Haelll-C (lane Η), Hinfl-C 
(lane I ) , Taql-B (lane J ) , Mboll-F (lane K) , MboII-D (lane L) and Mboll-E 
(lane M). The p o s i t i o n s of these fragments on the M13 genome are i n d i c a t e d 
in Fig. 2. Fragment Taql-C i s located in the DNA region covered by genes 
X and V (Chapter VI). The approximate S-values of the RNA species are 
i n d i c a t e d . 
r e s i s t e n t h y b r i d m o l e c u l e s w e r e a n a l y s e d by e l e c t r o p h o r e s i s o n t o 
d e n a t u r i n g P o l y a c r y l a m i d e g e l s u s i n g h i g h r e s o l u t i o n s i z e m a r k e r s 
a s a r e f e r e n c e . W i t h r e s p e c t t o t h e s i z e s of t h e s e S^ r e s i s t e n t 
h y b r i d m o l e c u l e s no d i f f e r e n c e s c o u l d b e o b s e r v e d b e t w e e n t h e 
r e s u l t s o b t a i n e d w i t h t h e RNA i s o l a t e d f rom m i n i c e l l s a n d t h e RNA 
i s o l a t e d from i n f e c t e d c e l l s . F o r t h e s a k e of c l e a r n e s s i n t h e 
f o l l o w i n g s e c t i o n s t h e s e r e s u l t s w i l l b e p r e s e n t e d and d i s c u s s e d 
f o r e a c h g e n e of g e n e - c l u s t e r s e p a r a t e l y . 
Genes III and VI. 
DNA fragments containing the transcription termination sig­
nal T 0 25 select, besides the RNA species the synthesis of which 
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Fig. 2. Transcription map of a segment of the genome of bacteriophage M13. 
The Roman numerals refer to the genes. The in vitro detected RNA in i t ia t ion 
s i tes are indicated by black bars. T Q ^ S denotes the position of the Rho-
independent termination signal for transcription. Capital l e t t e r s refer to 
hairpin structures present in the intergenic region of the viral DNA (cf. 
Fig. 2, Chapter I ) . Horizontal l ines, labeled 1 through 16, indicate the 
positions of the hybridization probes HaeIII-Ό (1), HapII-F (2), MboII-Ώ (3), 
Hinfl-F (4), ДЙОІІ-Е (5), Hhal-E (6), Mboll-F (7), ЯорІІ-А (8), Taqi-A1 2 (9), SinfX-Ilr2 (10), Haem-A (11), Taql-B (12), Binfl-O (13), Taql-E '(14), 
Hinfl-C (15) ,'fíaelII-C (16). Horizontal arrows denote the 5' ->· 3' polarity 
and the genetic origin of the various RNA species as deduced from the 
preparative hybridization data (Fig. 1). At the lower part the res t r ic t ion 
fragments used for Sj-nuclease mapping are indicated. 
i s t e r m i n a t e d a t T. „ 5 , an RNA s p e c i e s (18S) which i s about 1800 
n u c l e o t i d e s long ( F i g . 1, cf . F i g . 2, Chapter V I ) . The l a t t e r RNA 
molecule i s a l s o s e l e c t e d by DNA fragments ( f ragments 11-16, cf . 
F i g . 2) d e r i v e d from t h e genome a r e a l o c a t e d downstream bu t no t 
by t h o s e l o c a t e d ups t ream T0 „j- ( F i g . 1, cf . F i g . 2 ) . S ince t r a n -
s c r i p t i o n p roceeds i n only one d i r e c t i o n , t h e 5 ' - t e r m i n a l end of 
18S RNA must a lmos t c e r t a i n l y be l o c a t e d w i t h i n fragment Taql-F 
(F ig . 2 ) . S^ -nuc lease d i g e s t i o n of t h e hyb r id molecu les formed 
upon a n n e a l i n g of t h e 5 ' - e n d l a b e l e d codogenic s t r a n d of t h i s 
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Fig. 3. Nucleotide sequence analyses of the 5'- and З'-ends of 18S mRNA. 
(A) The 5'-end labeled codogenic strand of fragment Taql-F (nucleotide 
position 1508 - 1949) was hybridized to RNA isolated from M13 infected 
cells. After annealing the hybrid molecules were treated with 1500 
(lane 5), 250 (lane 6) and 0 (lane 7) U/ml of Si-nuclease, respectively. 
The protected material was denatured and run on a 5% sequencing gel in 
parallel with partial chemical degraded products of the 5'-end labeled 
codogenic strand of fragment Taql-F (lanes 1-4). (B) Restriction fragment 
Hapll-Bi•Hinfl-K (nucleotide position 3258 - 3370 and labeled at the 3'-
end of the codogenic strand) was hybridized to RNA isolated from infected 
(lanes 4 and 5) or uninfected (lane 6) cells. After annealing the hybrid 
molecules were treated with 500 (lanes 4 and 6) and 0 (lane 5) U/ml of Sj-
nuclease, respectively. The protected material was denatured and run on 
a 5% sequencing gel in parallel with partial chemical degraded products 
of the З'-end labeled codogenic strand of fragment HapII-B^-Hinfl-K 
(lanes 1-3). The designations refer to the base specificities of these 
chemical reactions. 
fragment to RNA, isolated from infected cells, results in the 
formation of one major S.-nuclease resistent hybrid molecule 
(Fig. ЗА, band a ) . This band maps the 5'-end of 18S RNA at po-
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sition 1544 of the M13 DNA sequence (Fig. 4). In case the hybrid 
ipolecules are treated with S-,-nuclease at higher enzyme concen­
trations two additional bands, i.e. band b and c, become apparent 
(Fig. ЗА). At first glance these data are rather surprising. 
Careful examination of their cleavage sites, however, indicates 
that one is located near the junction of the stem and loop struc­
ture of termination signal T 0 „tj-This suggests that the latter 
structure has been formed within the hybridization probe (Fig. 
4, insert b). The other S.-cut coincides with the 3'-OH terminal 
end of 8S RNA. Since 57 nucleotides of the DNA probe are com­
plementary to the S'-end of this RNA, we assume that band с is 
the result of incomplete hybridization of the 5'-end of 18S RNA, 
due to competition with RNA species which have terminated tran­
scription at T- -r (Fig. 4, insert c). These suggestions are 
supported by the observation that both sites only are accessible 
to S,-nuclease at high enzyme concentrations. 
A 
A G 
С Τ 
G-C 
С G 
C G 
C-G 
T-A 
С G d 
C-G | 
A-Τ | 
-TTCACCTCGAAAGCAAGCTGATAAACCGATAC AATTA- TTTTTT--- 1750n ---TCAAA TCGCT-
Fig. 4. Nucleotide sequence around the in i t ia t ion and termination s i tes 
of 18S RNA. The nucleotide positions, as determined by van Wezenbeek et al. 
(9), are indicated. Homologies to the consensus E.aoli promoter sequence 
(13,14) around position -35 and -10 are underlined. S.-nuclease cleavage 
s i t e s , deduced from the data presented in Fig. 3, are indicated by arrows. 
In the inserts a schematic representation is given of the different types 
of hybrids formed after hybridization of the M13-specific RNA to the 5 '-
end labeld DNA ( χ ) . For further explanation see text . 
Our c o n c l u s i o n now i s t h a t 18S RNA i s t h e r e s u l t of an RNA 
i n i t i a t i o n e v e n t a t a promoter which i s p a r t i a l l y l o c a t e d w i t h i n 
t e r m i n a t i o n s i g n a l T. „n. This c o n c l u s i o n i s n o t only s u p p o r t e d 
by g e n e t i c s t u d i e s which s u g g e s t t h a t genes I I I , VI and I form 
t 
r 
\ 
t 
— 
— · J IO,» RNA 
τ τ 
τ τ 
C G *" 
C-G 
C G 
G-C 
G-C 
A-T 
A-T 
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an Operon (4) but also by the existence of a nucleotide sequence 
in front of the initiation site of 18S RNA which shows a fair 
homology to the consensus E.aoli promoter sequence (13,14). The 
existence of this promoter has also been deduced from in vitro 
transcription and translation studies (15,16). Under the latter 
conditions RNA initiation is only achieved in the presence of a 
large excess of RNA polymerase. Studies with recombinant plasmids 
carrying this promoter-terminator of M13 as insert, have also 
evidenced its peculiar transcription behaviour (3). It might be 
that only after termination events of RNA synthesis initiated at 
the more upstream promoters, the gene Ill-promoter is accessible 
to recognition by RNA polymerase. 
Length measurements of 18S RNA suggest that its 3'-end is 
located within fragment Hinfl-K (Fig. 2). S,-nuclease mapping 
experiments performed with fragment ЯраІІ-В.·HintI-K (nucleotide 
position 3258 - 3370 and labeled at the 3'-end of its codogenic 
strand) enabled us to map its S'-end very precisely (Fig. 3B, 
band d). It was found to be located at nucleotide position 3343 
which is immediately downstream a DNA region which has the in­
trinsic property to form a stable stem-loop structure (Fig. 4). 
Since hairpin formation in a growing RNA chain causes RNA poly­
merase to pause (17,18), from these data we infer that this GC-
rich region of dyad symmetry functions as a pausing and/or 
termination signal for transcription. Pausing without termination 
is, however, very unlikely because in infected cells 18S RNA is 
still present at 10 min after the addition of rifampicin (Chapter 
VI, Fig. 6). Moreover, E.coli cells bearing a conditional lethal 
mutation in the termination factor Rho do not synthesize an 18S 
RNA species under non-permissive conditions (Fig. 5). Therefore 
we now have to conclude that the majority of RNA chains is ter­
minated at this newly discovered termination signal. 
In vitro transcription studies of M13 RF (1) showed that in 
front of gene VI RNA synthesis is initiated around nucleotide 
position 2760 (A0 .., Fig. 2). S.-nuclease digestion of the 
hybrid molecules, formed upon annealing of 5'-end labeld tfinfl-E. 
fragment (nucleotide position 2497 - 2845) to RNA species 
isolated from infected cells, does not result, however, m the 
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^ 2 3 Fig. 5. Fluorographs of ( H)-uridine labeled RNA 
I species synthesized in infected cel ls of E.aoZi K38 (lane 3) which hybridize to denatured M13 RF (lane 1). The (Зн)-игіаіпе labeled RNA species synthesized under non-permissive conditions in infected cel ls of E.aolï- AD1600, bearing a con-ditional lethal /??20-protein, and which hybridize to Ml 3 RF are shown in lane 2. 
fo rmat ion o£ s p e c i f i c a l l y s h o r t e n e d DNA probes (F ig . 6, l a n e s 
4 , 5 , 6 ) . Th i s i m p l i e s t h a t fragment Hinfl-E. does not p o s s e s a 
s i g n i f i c a n t promoter f u n c t i o n in vivo. An i d e n t i c a l c o n c l u s i o n has 
r e c e n t l y been reached in s t u d i e s wi th t h e promoter probe p lasmid 
pBRH2 ( 3 ) . These d a t a t h e r e f o r e s t r o n g l y s u g g e s t t h a t both gene 
I I I - as we l l as gene V I - p r o t e i n a r e exp res sed v i a t h e p o l y c i s -
t r o n i c 18S mRNA s p e c i e s . 
Gene I. 
On the basis of genetic data, which suggest that genes III, 
VI and I form an operon, one would expect to find in the infected 
cell (or miniceli) a polycistronic mRNA species which encompasses 
the codogenic information of genes III, VI and I. Our findings of 
an 18S RNA species comprising only genes III and VI, the syn-
thesis of which has ceased at the termination signal downstream 
gene VI, is at first glance in conflict with the operon model. An 
alternative, however, would be that termination at this terminator 
is not stringent. Transcription of gene I is then mediated by 
leakage of RNA polymerase through the terminator located in the 
amino-terminal part of gene I. Despite many attempts, such a 
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read-through RNA species, encompassing the codogenic information 
of genes III, VI and I, has not been found. This suggests that 
the regulatory expression of the postulated operon is more com­
plex. Conversely, the operon model is only valid for genes III 
and VI and not for gene I thereby implying that gene I is ex­
pressed independent of its proximal genes. 
Based upon in vitro transcription studies (1), RNA polymerase 
binding experiments (2) and the observed homology to the con­
sensus E.ooli promoter sequence (13,14) it has been suggested that 
in front of gene I an RNA initiation site (A. ._) is located 
(nucleotide position 3130, cf. Fig. 2). To obtain evidence 
whether indeed this site serves as a promoter in vivo, S.-nuclease 
mapping experiments have been performed using fragment Hinfl-D 
(nucleotide position 2845 - 3258) as hybridization probe (cf. 
Fig. 2). If in infected cells RNA synthesis is initiated at 
position 3130 one would expect to find an S.-nuclease resistent 
DNA fragment which is 128 nucleotides long. As shown in Fig. 6 
(lane 1,2,3) substantional amounts of fragment Hinfl-Ό are com­
pletely protected against S.-nuclease digestion. This is almost 
certainly the result of hybridization to RNA species (18S) which 
completely overlap the hybridization probe. An S.-nuclease re­
sistent DNA fragment of 128 nucleotides has not been found. From 
these data we infer that the in vitro detected RNA initiation 
site A. .q does not function as a promoter in vivo. An identical 
conclusion has recently been reached in studies with the promoter 
probe plasmid pBRH2(3).Surprisingly, S.-nuclease digestion leads 
to the formation of minor amounts of a protected DNA fragment 
which is 280 nucleotides long (Fig. 6, lane 3). This suggests 
that the 5'-end of an RNA species maps near nucleotide position 
2990 (cf. Fig. 2). As indicated in Figs. 1 and 2 a small RNA 
species (10S, approximately 650 nucleotides long) is selected by 
the hybridization probes 11, 12 and 13, which all cover the 
region surrounding nucleotide position 2990. It is therefore 
tempting to speculate that the 5'-end of the latter RNA is lo­
cated near nucleotide position 2990. Whether this RNA is the 
result of an RNA polymerase initiation event is not known. Al­
though the synthesis of 18S RNA is terminated at nucleotide 
190 
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Hinf-D Hinf-E, Mboll-C Mbo!l-G Mboil-H 
Flg. 6. Localization of inRNÄ ends by Sj-nuclease mapping. Restriction 
fragments Hinfl-D, H-infI-E1, Mboll-C, MboXl-G and AiboII-H (cf. Fig. 2) 
were labeled at their 5'-ends using (γ-32ρ)-Ατρ and T4-polynucleotide 
kinase. One third of each fragment was hybridized under R-loop conditions 
to an equimolar amount of M13 RF, supplemented with RNA isolated from 
uninfected ce l l s , and treated with 500 U/ml of Sj-nuclease (lanes 1,4,8, 
11,17). The other two third of each fragment was hybridized under R-loop 
conditions to RNA isolated from infected ce l l s . Then the mixtures were 
divided into two equal portions and treated with 0 (lanes 2,5,9,12,16) and 
500 (lanes 3,6,10,14,15) U/ml of S^-nuclease,respectively. After preci­
pitat ion with ehtanol and heat denaturation the samples were run onto a 
5% denaturing Polyacrylamide gel in paral le l with Ηίηίτ digested M13 RF 
(lanes 7 and 13). The sizes of some of these fragments are indicated. 
p o s i t i o n 3343, no RNA s p e c i e s could be d e t e c t e d which c o r r e s p o n d 
t o t h e d i s t a n c e between n u c l e o t i d e s 2990 and 3343. 
Two RNA s p e c i e s (12S and 13Sa , a p p r o x i m a t e l y 795 and 1025 
n u c l e o t i d e s long) a r e s e l e c t e d by t h e h y b r i d i z a t i o n p r o b e s 8 
t h r o u g h 11 ( F i g s . 1 and 2 ) . S ince t h e s e t r a n s c r i p t s do n o t hy­
b r i d i z e t o t h e o t h e r s e l e c t i o n probes t h e y must be t r a n s c r i b e d 
from t h e genome a r e a covered by t h e c a r b o x y - t e r m i n a l end of gene 
I and t h e a m i n o - t e r m i n a l p a r t of gene IV. Thi s i s s u p p o r t e d by 
our o b s e r v a t i o n t h a t upon h y b r i d i z a t i o n of RNA, i s o l a t e d from 
1 2 3 4 5 6 7 8 9 1011 121314 1516 17. 
infected cells, to fragments MboII-H and MboII-G a substantional 
amount of these hybridization probes was found to be completely 
resistent to S.-nuclease digestion (Fig. 6, lanes 11,12,14 and 
15,16,17). This can only be explained by assuming that hybridi­
zation has taken place to RNA species which completely overlap 
these fragments. Upon incubation with S,-nuclease part of the 
5'-end labeled МЬоІІ-C fragment is also completely protected 
(Fig. 6, lanes 8,9,10). This is caused by hybridization to the 
overlapping RNA species 16S and 17S (see following paragraph). 
In addition, two DNA fragments approximately 230 and 210 nucleo­
tides long become apparent. These rather surprising data can be 
explained by assuming that, similar to what has been observed 
with the overlapping 8S and 18S RNA species, during hybridization 
the 16S and 17S RNAs compete with RNA species whose 3'-ends are 
positioned at 230 and 210 nucleotides downstream the Mboll-G/ 
MbolT-C cleavage site (cf. Fig. 2). It might therefore well be 
that the 3'-ends of 12S and 13Sa RNA are located near these S^ 
cleavage sites (nucleotide positions 4700 and 4720, respectively). 
In case these assumptions are correct, then the 3'-terminal 
end of 10S RNA as well as the 5'-ends of 12S and 13Sa RNA must be 
located within the DNA region covered by restriction fragment 
Hinfl-G (Fig. 2). S1-nuclease mapping experiments with both 3'-
as well as 5'-end labeled Hinfl-G fragments revealed the presence 
of a very complex pattern of S. resistent hybrid molecules (data 
not shown). Remarkable was, however, that the S.-cuts all map 
close to a DNA region which has the intrinsic property to form 
a stable stem-loop structure (ΔΟ = -12.0 kcal, nucleotide position 
3588 - 3632) . 
Summarizing the data discussed we are left with the con­
clusion that we have not identified yet the mRNA species which 
codes for the complete gene I-protein. On the contrary we have 
found three minor RNA species each containing only a part of its 
codogenic information. The biological functions of these tran­
scription products is still unknown. Also unknown is whether the 
stable stem-loop structures present m the amino-terminal part 
of gene I (nucleotide position 3319 - 3341 and 3588 - 3632) exert 
a specific role in this complex transcription process. As gene I 
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and its boundaries is transcribed at a very low frequency 
(Chapter V), it is to be expected that a better understanding of 
its transcription mechanism is gained with recombinant plasmids 
in which this part of the genome is under the control of a strong 
external promoter. Further studies are needed to clarify these 
points. 
Gene IV. 
To identify the mRNA which codes for gene IV-protein, the 
in vivo synthesized (3H)-uridine labeled RNA species were hybrid­
ized to nucleotide sequences which are located within or near 
the carboxy-terminal end of gene IV. In the previous Chapter it 
has already been demonstrated that fragment 1 (Fig. 2) hybridizes 
only to 19S RNA which is initiated at promoter G 0 g2. As shown 
in Figs.1 and 2 the fragments numbered 2 through 11 select three 
RNA species (17S ajb/C) which are approximately 1680, 1650 and 
1600 nucleotides long. In addition, fragments 4-11 select a 
transcript of about 1500 nucleotides (16S). From these data the 
conclusion emerges that the 17S RNAs have their 3 '-terminal ends within 
fragment 2 whereas the 3'-terminal end of 16S RNA is located 
within fragment 4. These fragments originate from the intergenic 
region which comprises five well defined stem-loop structures. 
These have been denoted A through E (Chapter I, Fig. 2). The 
viral DNA of fragment 2 contains the structures B-Ε, whereas 
fragment 4 contains Α-C (cf. Fig. 2). Since the existence of 
these stem-loop structures has unambiguously been demonstrated 
in viral DNA (19) it is reasonable to assume that they also can 
be formed within growing RNA chains. Secondary structures of 
this type have been considered to induce pausing and/or termin­
ation of transcription (17,18; Chapter II). It might, therefore, 
well be that the 3'-terminal ends of 17S a,b,c and 16S RNA are 
located within or downstream these hairpin structures. Prelimi­
nary S,-nuclease mapping experiments have evidenced that this 
indeed is the case. Although the pattern of S.-nuclease resistent 
hybrid molecules was difficult to interpret, most probably 
caused by the high level of secondary structure formation in the 
hybridization probes, the results demonstrated that all these 
RNAs possess heterogeneous S'-ends (data not shown). For instance, 
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the 3'-ends of 16S RNA, as deduced from the S.-nuclease cleavage 
pattern, have been mapped from position 5564 - 5577 within the 
sequence of hairpin A (cf. Fig. 2, Chapter I). 
If our assumption is correct that the heterogeneous S'-ends 
of 16S, 17Sc, 17Sb, and 17Sa RNA are positioned within or 
downstream hairpins A, B, C, and D, respectively, then their 51-
ends are located around the nucleotide position 4100. Whether 
they all originate from a single RNA initiation site or that 
this region contains multiple start sites, S,-nuclease mapping 
experiments have been performed. As indicated in Fig. 6 (lanes 
11-17) within the genome area covered by fragments Mbo II-G and 
libo II-H only one discrete 5 ' -mRNA end has been found. It is lo-
cated approximately 160 nucleotides upstream the MboII-G/Mbo II-C 
cleavage site (cf. Fig. 2). Electrophoresis of the S.-nuclease 
resistent DNA fragment along a sequencing ladder has learned us 
that S. cleavage occurred between nucleotide position 4105 and 
4106. The sequence m front of this site shows a fair homology 
to the consensus E.ooli promoter sequence (Fig. 7). 
4060 + 
AAATTCACTATTGACTCTTCTCAGCGTCTTAATCTAAGCTATCGCTATGTTTT 
-35 -10 
Fig. 7. M13 sequence containing the gene IV promoter. Homologies to the 
consensus sequence around position -35 and -10, as compiled by Siebenlist 
et al. (13), are underlined. The arrow refers to the position of cleavage 
by Sj-nuclease. 
In vitro, RNA polymerase b i n d s t o t h e DNA t e m p l a t e in f r o n t 
of gene IV c o v e r i n g t h e r eg ion from n u c l e o t i d e p o s i t i o n 4080 up to 
4120 ( 2 , 1 6 ) . Based upon t h e s e d a t a we f e e l c o n f i d e n t t o conc lude 
t h a t t h e in vitro d e t e c t e d RNA i n i t i a t i o n s i t e A- , . f u n c t i o n s 
U. o4 
in vivo. This conclusion is supported by the results recently 
gained with the promoter probe plasmid pBRH2 (3). Transcription 
is halted within or downstream four different regions of extra-
ordinary dyad symmetry which possess the intrinsic property to 
form hairpin structures within the growing RNA chains. The re-
sults further demonstrate that RNA polymerase either terminates 
or, probably after a pausing event, continues transcription un-
tili the next hairpin in the growing RNA chain has been formed. 
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In vitro transcription studies have indicated that there 
exist a region on the M13 genome where Дйо-mediated transcription 
termination occurs. This region was found to be present within 
the boundary of gene IV and the intergenic region (5). Analysis 
of the RNA species synthesized in infected cells bearing a 
mutated Дйо-protein revealed that the 16S and 17s RNA species 
are still made in these cells, although their relative amounts, 
especially of 16S RNA, deviate from the amounts present in wild-
type infected cells (Fig. 5). These results suggest but do not 
proof that termination of transcription at the end of gene IV 
is only partial effected by J??zo-protein. 
Hairpin A has been considered to serve as a specific pack­
aging domain during phage morphogenesis (20). Hairpins В and С 
are target structures for recognition of RNA polymerase and 
synthesis of primer RNA during complementary DNA strand synthesis 
(21,22), whereas hairpin D contains the site where gene II-pro-
tein nicks RFI to initiate viral DNA strand synthesis (23). Our 
results demonstrate that these structural elements also partici­
pate in the expression of the bacteriophage M13 genome. 
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SUMMARY 
Bacteriophage M13 belongs to the group of F-specific 
filamentous, single-stranded DNA phages which have the bacterium 
Escherichia coli as host. In the last few years rapid progress has 
been made towards our understanding of the molecular biology of 
this phage. A short survey of our present knowledge of M13 and 
its relatives f1 and fd is given in Chapter I. 
Immediately after penetration of the host-cell the single-
stranded DNA is converted into a double-stranded, circular 
closed replicative form. This so called RF molecule plays a key 
role m the generation of new viral strands and the synthesis of 
phage-encoded proteins. These proteins are not made m equimolar 
amounts but instead important quantitative differences arise. At 
least two regulatory mechanisms are responsible for this diversi-
ty m gene-expression. One mechanism regulates the expression at 
the level of transcription. Regulation of transcription is ac-
complished at the level of RNA chain initiation, elongation and 
termination. In addition,the sequential folding and processing of 
RNA molecules also contributes to the diversity of gene-expres-
sion. A short survey of our current knowledge of the mechanism 
of transcription is given in Chapter II. 
In the experiments described in this thesis an attempt was 
made to elucidate the mechanisms which regulate the in vivo 
expression of the bacteriophage Ml 3 genome at the level of tran-
scription. During infection no shut-off of the synthesis of host-
specific RNA and protein occurs. Instead a fine balance is main-
tained between phage and host functions. If this balance is 
properly maintained, phage production continues for hours with-
out lysis or killing of the host. As a result, an unambiguous 
identification of the phage-specific products among the bulk of 
host-encoded products is greatly hampered. To circumvent these 
difficulties we have developed another in vivo system, namely from 
mimcells, in which the synthesis of phage-specif ic RNA and pro-
tein can be studied without a gross interference of the macro-
molecular biosynthetic machinery of the host-cell. In Chapter 
III it is demonstrated that Ml 3 RF is the sole DNA which is 
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present in minicells produced by infected cells. Consequently, 
these minicells have acquired the capability to direct the syn­
thesis of phage-specific RNA and protein. Analysis of the M13-
specific RNA species synthesized in infected cells, by means of 
preparative hybridization- and gelelectrophoresis-techniques, 
revealed that in minicells a grossly identical pattern of tran­
scripts is made, emphasizing the validity of this system. Only a 
number of the RNA species made in vivo have an equivalent among 
the RNAs synthesized in an in vitro system. This suggests that 
a subset of the regulatory signals operative in vivo remains ac­
tive whereas the other signals are hidden or inactive during 
гп vitro transcription reactions. 
In the absence of termination factor Дйо the M13 genome is 
expressed in vitro according to a cascade-like mechanism of tran­
scription. This implies that M13 RF is transcribed into a dis­
crete number of RNA species which are initiated at nine different 
RNA initiation sites but which all are terminated at a unique 
termination signal (T« »,-) which is located immediately after 
gene VIII. The smallest transcript (8S), 370 nucleotides long, 
harbours the codogenic information for the major coat protein. 
It is initiated at map position 0.18 and terminated at termin­
ation signal T
n
 __. In Chapter IV it is demonstrated that during 
the M13 infection cycle a phage-specific RNA species is made 
which represents at least 2% of the newly synthesized RNA. This 
RNA species is also capable to direct in vitro the synthesis of 
the precursor of the major capsid protein. Nucleotide sequence 
analyses have provided evidence that this RNA is completely 
identical to the 8S RNA species synthesized in vitro. This implies 
that promoter G.
 1 „ and terminator T. _,-, previously detected 
in vitro, are operative in the infected cell, thus lending support 
to the conclusion that at least a subset of the transcriptional 
signals operative in vivo remains active in vitro. 
In Chapter V we have studied the validity of the cascade 
transcription model m a more detail. This was achieved by 
measuring the distribution of transcriptional activity along the 
M13 genome. The results obtained led us to conclude that this 
distribution is different fron ardmore complex than one would ex-
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pect on the basis of the multi promoter - single terminator 
transcription model. Only the DNA region encompassing the con­
tiguous genes II, X, V, VII, IX and VIII is expressed according 
to a cascade-like mechanism. This offers a qualitative explana­
tion for the large amounts of gene V- and gene VIII protein but 
not for the small amounts of gene VII- and gene IX-protem 
synthesis. The experimental data are consistent with the presence 
of two additional termination signals on the M13 genome. One is 
located in the ammo-terminal part of gene I and the other near 
the boundary of gene IV and the intergenic region. 
With the aid of analytical and preparative hybridization 
studies (Chapters V and VI) we have been able to establish that 
at least ten different RNA species are encoded by the DNA region 
covered by the contiguous genes II, X, V, VII, IX and VIII. 
Characterization of these RNA species, with respect to their 
genetic origin, codogemc properties and nucleotide sequences, 
has indicated that the synthesis of all these RNA molecules is 
terminated at termination signal Τ __. Only four of these RNAs 
(8S, HSd, 14S, 19S) are primary transcription products. Their 
synthesis is initiated at promoter sites which are located 
immediately in front of genes IX (G. ), V (G« .,-) , X (G. _,) 
and II (G- _ _ ) , respectively. The other RNAs are the result of 
processing of precursor molecules. Although we have not been 
able to establish which enzyme is responsible for these proces­
sing events we know already that neither RNase III, RNase E, 
RNase M16, RNase Ρ nor RNase BN is involved (Chapter V). The 
5'-ends of these secondary transcripts have been localized on the 
established M13 sequence at the nucleotide level (Chapter VI). 
Comparison of the nucleotide sequences around the processing 
sites revealed that these sites have two characteristics in 
common, i.e. a consensus sequence UUUCU immediately followed by 
a stable stem-loop structure. Most probably these elements form 
the signal for processing enzymes involved m the specific de­
gradation of the M13 encoded mRNAs. Data are discussed which 
support this hypothesis. 
Based upon these observations a model is presented which 
might explain the diversity in expression of the contiguous 
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genes II, Χ, V, VII, IX and VII!. In this model secondary struc­
ture formation and RNA processing exert both a positively as well 
as a negatively regulatory function on the expression of these 
genes. The processing reactions lead to a constantly replenished 
pool of RNAs that can be translated efficiently into gene V- and/ 
or gene Vlll-protein whereas the synthesis of large amounts of 
gene II-, X-, VII-, and IX-protein is prohibited. Furthermore 
the model accounts for the observed "translational coupling" 
between genes V, VII and IX. 
Our present knowledge of the mechanism of expression of 
genes III, VI, I and IV is described in Chapter VII. It is 
concluded that genes III and VI are expressed via a polycistronic 
mRNA species which is initiated in the intergenic region between 
genes VIII and III and terminated m the amino-terminal part of 
gene I. The results obtained suggest that termination at this 
site is fífro-dependent. An RNA species coding for the complete 
gene I-protein has not been identified. Instead three minor RNA 
species, each containing only a part of its codogenic information, 
have been detected. Their biological functions are still unknown. 
Expression of gene IV is accomplished by initiation of RNA syn-
thesis immediately in front of gene IV. The synthesis of this 
RNA is terminated at four different sites, each located within 
or downstream a region of extraordinary dyad symmetry, m the 
intergenic region between genes IV and II. 
SAMENVATTING 
Bactenofaag M13 behoort tot de groep van de F-specifieke 
filamenteuze, enkelstrengs DNA fagen welke voor hun vermenig-
vuldiging afhankelijk zijn van de gastheer Eseheriehia coli. In de 
afgelopen jaren is onze kennis omtrent de moleculaire biologie 
van deze faag en van de filamenteuze fagen in het algemeen enorm 
toegenomen. Een kort overzicht van deze kennis is weergegeven in 
Hoofdstuk I. 
Onmiddellijk na het binnendringen in de gastheercel wordt 
het enkelstrengs DNA m een dubbelstrengs, circulair gesloten DNA 
molecuul omgezet. Dit zogenaamde RF molecuul vervult een sleutel-
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rol in de aanmaak van nieuwe virale DNA strengen en in de syn-
these van de diverse eiwitten welke door het faag genoom worden 
gecodeerd. De gevormde eiwitten worder echter m e t m equimolaire 
hoeveelheden gesynthetiseerd maar er ontstaan aanzienlijke kwan-
titatieve verschillen. Op zijn minst twee regulatiemechanismen 
zijn voor deze verschillen m gen-expressie verantwoordelijk. 
Een daarvan reguleert de gen-expressie op het niveau van de 
transcriptie. Regulatie van de transcriptie vindt plaats op het 
niveau van de RNA keten initiatie, elongatie en termmenng. De 
sequentiële vouwing en processing van het RNA dragen eveneens 
tot de verschillen in gen-expressie bij. In Hoofdstuk II zijn 
deze aspecten van het transcriptie proces in het kort samengevat. 
De studies welke in dit proefschrift beschreven staan hadden 
tot doel de mechanismen op te helderen welke de expressie van het 
M13 genoom m de geïnfecteerde cel op transcriptie niveau regu-
leren. Gedurende de infectie wordt de gastheer-specifieke RNA en 
eiwit synthese niet stilgelegd maar wordt er een uitgebalanceerd 
evenwicht in stand gehouden tussen faag en gastheer functies. 
Indien dit evenwicht niet verstoord wordt, vindt er gedurende 
enige uren faag productie plaats zonder dat dit gepaard gaat met 
de lysis of het afsterven van de gastheercel. Een ondubbelzinnige 
identificatie van faag-specifleke producten tussen de enorme 
hoeveelheid aan gastheer gecodeerde producten wordt derhalve in 
ernstige mate bemoeilijkt. Om deze moeilijkheden te omzeilen 
hebben we een ander in vivo systeem ontwikkeld waarin gebruik ge-
maakt wordt van minicellen. Met behulp van deze minicellen kan de 
faag-specifleke RNA en eiwit synthese bestudeerd worden zonder 
dat hinder ondervonden wordt van de macromoleculaire biosynthe-
tische machinerie van de gastheer. In Hoofdstuk III is aange-
toond dat de door geïnfecteerde cellen geproduceerde irinicellen 
alleen maar M13 DNA bevatten. Dientengevolge zijn deze minicellen 
in staat om faag-specifleke RNA en eiwit te synthetiseren. De 
waarde van het minicel systeem werd onderstreept doordat, met 
behulp van preparatieve hybridisatie en gel electroforese, aan-
getoond kon worden dat het patroon van de M13 specifieke RNAs 
welke in geïnfecteerde cellen worden gesynthetiseerd vrijwel i-
dentiek is aan dat van de transcripten die in minicellen aange-
201 
maakt worden. Slechts enkele van de in vivo gesynthetiseerde RNA 
klassen worden ook in een in vitro systeem aangemaakt. Dit sugge-
reert dat maar een beperkt aantal van de in vivo functionele re-
gulatie signalen ook in vitro actief is. De overige signalen zijn 
inactief of kunnen met behulp van de in vitro studies eenvoudig-
weg niet worden waargenomen. 
In de afwezigheid van termineringsfactor Rho wordt het M13 
genoom in vitro tot expressie gebracht door middel van een cas-
cade transcriptie mechanisme. Dit betekent dat de RNA synthese 
start op negen verschillende plaatsen en stopt of maar één uniek 
termineringssignaal (T. _ _ ) - Dit signaal is onmiddellijk na gen 
VIII gelegen. Het kleinste transcript (8S) is 370 nucleotiden 
lang en bevat de codogene informatie voor het hoofd-manteleiwit. 
Dit RNA wordt geïnitieerd nabij map positie 0.18 en getermineerd 
op het termineringssignaal T« -t-. In Hoofdstuk IV is aangetoond 
dat er tijdens de infectie cyclus van M13 een faag-specifiek 
mRNA wordt gesynthetiseerd dat, m een in vitro translatie systeem, 
aanleiding geeft tot de productie van de precursor van het 
hoofd-manteleiwit. Op zijn minst 2% van het de novo gesyntheti-
seerde RNA bestaat uit dit transcript. Sequentie analyse toonde 
aan dat dit RNA volledig identiek is aan het in vitro gesynthe-
tiseerde 8S RNA. Dit duidt erop dat de in vitro gedetecteerde 
promoter (G«
 1o) en terminator (T. _,.) functioneel zijn in de 
geïnfecteerde cel. Dit gegeven ondersteunt de eerder gedane con-
clusie dat in ieder geval een gedeelte van de in vivo werkzame 
regulatie signalen ook in vitro operationeel is. 
Het cascade transcriptie model is meer gedetailleerd 
bestudeerd in Hoofdstuk V. Daartoe werd nagegaan hoe de trans-
criptie activiteit over het M13 genoom is verdeeld. De verkregen 
resultaten wijzen erop dat deze verdeling afwijkt van hetgeen 
men zou verwachten op basis van een transcriptie proces dat 
uitgaat van meerdere promoters en één termineringssignaal. Alleen 
het cluster van de genen II, X, V, VII, IX en VIII komt via cas-
cade transcriptie tot expressie. Dit biedt een kwalitatieve ver-
klaring voor de grote gen V- en gen VlII-eiwit synthese maar 
niet voor de geringe synthese van gen VII- en gen IX-eiwit. Uit 
de experimentele gegevens kon tevens worden afgeleid dat op het 
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M13 genoom twee additionele termineringsplaatsen zijn gelegen. 
Eén is gelegen in het amino-terminale gedeelte van gen I, de 
ander nabij de overgang tussen gen IV en het intergene gebied. 
Uit de resultaten verkregen met behulp van analytische en 
preparatieve hybridisatie studies kon geconcludeerd worden dat 
ten minste tien verschillende RNA klassen door het gen II, X, V, 
VII, IX en VIII gebied gecodeerd worden (Hoofdstuk V en VI). 
Karakterisering van deze RNA klassen met betrekking tot hun 
genetische oorsprong, codogene inhoud en nucleotide volgorde, 
duidde erop dat de synthese van al deze transcripten op het 
terminenngssignaal T-
 9[- getermneerd wordt. Slechts vier van 
deze RNAs (8S, llSd, 14S, 19S) zijn primaire transcriptie pro-
ducten. Hun synthese wordt geïnitieerd op promoter plaatsen 
welke onmiddellijk voor de genen IX (G0 igK V (G. -,^^' x 'Gn 06^ 
en II (Gn q9) zijn gelegen. De andere RNA klassen ontstaan door 
klieving van precursor moleculen. Hoewel momenteel nog niet 
bekend is welk enzym hierbij betrokken is, is echter wel gebleken 
dat RNase III, RNase E, RNase M16, RNase Ρ en RNase BN hierbij 
géén rol vervullen (Hoofdstuk V). De 5' uiteinden van de secun-
daire transcriptie producten hebben we op nucleotide niveau 
op het M13 genoom kunnen localiseren (Hoofdstuk VI). Hieruit 
bleek dat ze alle zijn ontstaan door klieving van het RNA in een 
nucleotide volgorde welke slechts weinig afwijkt van de volgorde 
UUUCU en welke op korte afstand gevolgd wordt door een stabiele 
"stern-loop1 structuur. Deze elementen vormen naar alle waar-
schijnlijkheid het signaal voor de processing enzymen betrokken 
bij de specifieke degradatie van het M13 gecodeerde mRNA. De ge-
gevens welke deze hypothese ondersteunen worden eveneens in 
Hoofdstuk VI ter sprake gebracht. 
Op grond van deze waarnemingen is een regulatie model op-
gesteld waarmede de expressie van de genen II, X, V, VII, IX en 
VIII verklaard kan worden. Volgens dit model wordt door de vor-
ming van secundaire structuren in het RNA en klieving van dat-
zelfde RNA een regulerende invloed uitgeoefend op de expressie-
frequentie van deze genen, zowel in positieve als wel m nega-
tieve zin. De klievings-reacties zijn verantwoordelijk voor de 
continue aanmaak van RNA moleculen die efficient vertaald kunnen 
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worden in gen V- en/of gen VHI-eiwit, terwijl de synthese van 
grote hoeveelheden gen II-, X-, VII en IX-eiwit verhinderd wordt. 
Tevens geeft het model een verklaring voor de waargenomen 
"translationele koppeling" tussen de genen V, VII en IX. 
Onze kennis omtrent het expressie mechanisme van de genen 
III, VI, I en IV is in Hoofdstuk VII beschreven. Gen III en 
gen VI komen tot expressie via een polycistronisch mRNA. Dit RNA 
wordt geïnitieerd in het intergene gebied tussen gen VIII en gen 
III en getermineerd m het amino-terminale gedeelte van gen I. 
De verkregen resultaten suggereren dat terminenng van deze RNA 
keten afhankelijk is van de terminenngsf actor Rho. Een bood-
schapper RNA dat voor het volledige gen I-eiwit codeert is niet 
waargenomen. In plaats daarvan werden drie kleinere RNAs gedetec-
teerd welke slechts een gedeelte van de gen I informatie be-
vatten. Hun biologische betekenis is echter nog onbekend. Gen 
IV wordt tot expressie gebracht via een aantal RNA klassen waar-
van de synthese direct vóór gen IV start. Op vier dicht bij 
elkaar gelegen plaatsen vindt terminenng van deze transcripten 
plaats. Deze stopplaatsen bevinden zich m of direct na zoge-
naamde 'inverted repeats" in het intergene gebied tussen de 
genen IV en II. 
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CURRICULUM VITAE 
De schrijver van dit proefschrift werd op 10 oktober 1951 
te Waspik geboren. Hij behaalde het eindexamen HBS-b aan het Dr. 
Moller-college te Waalwijk en begon in september van datzelfde 
jaar (1971) met de studie biologie aan de Katholieke Universiteit 
van Nijmegen. Het kandidaatsexamen (Bl-G) werd in september 1974 
afgelegd. Het doctoraalexamen biologie met het hoofdvak 
moleculaire biologie (Prof. dr. J.G.G. Schoenmakers) en de bij-
vakken genetica (wijlen Prof. dr. H.D. Berendes) en biochemie 
(Prof. dr. H. Bloemendal) werd in oktober 1977 afgelegd. 
Vanaf 16 oktober 1977 tot 16 oktober 1981 was hij als 
wetenschappelijk medewerker in dienst van de Nederlandse Organi-
satie voor Zuiver Wetenschappelijk Onderzoek (Stichting S.O.N.) 
verbonden aan het laboratorium voor moleculaire biologie van de 
Katholieke Universiteit te Nijmegen. In deze periode werd het 
in dit proefschrift beschreven onderzoek uitgevoerd en werd een 
bijdrage geleverd aan de onderwijsactiviteiten van deze afdeling. 
Sedert 1 februari 1982 is hij in dienst van de Katholieke 
Universiteit te Nijmegen en verricht als wetenschappelijk mede-
werker moleculair biologisch onderzoek aan de malaria parasiet 
Plasmodium falaipanm, dat in een samenwerkingsverband tussen de 
afdeling moleculaire biologie (Prof. dr. J.G.G. Schoenmakers), 
Faculteit Wiskunde en Natuurwetenschappen, en de afdeling 
medische parasitologie (Prof. dr. J.H.E.Th. Meuwissen), Faculteit 
der Geneeskunde en Tandheelkunde, wordt uitgevoerd. 
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STELLINGEN 
I 
De sterkte van prokaryotische promoters wordt op velerlei wijzen 
uitgedrukt. De initiatie-frequentie van de synthese van de RNA 
ketens welke elongeren tot ten minste het eerstvolgende trans­
criptie regulatiesignaal is evenwel de meest betrouwbare maat. 
II 
Het door Stefano en Gralla gepresenteerde model voor de binding 
van E.coli RNA polymerase aan promoter plaatsen is niet te ver­
enigen met de door Siebenlist et al. gevonden contactplaatsen 
tussen deze beide macromoleculaire structuren. 
Stefano, J.E. en Gralla, J.D. (1982). Proc. Natl. Acad. Sci. USA, 
79, 1069-1072 
Siebenlist, U., Simpson, R.B. en Gilbert, W. (1980). Cell 20, 
269-281 
III 
De conclusie van Gentz et al. dat in vitro nagenoeg volledige 
terminering van de transcriptie plaatsvindt indien de terminator 
van bacteriofaag fd in omgekeerde richting achter een promoter 
geplaatst wordt, wordt niet voldoende gestaafd door hun experi­
mentele gegevens. 
Gentz, R., Langner, Α., Chang, А.С.Y., Cohen, S. en Bujard, H. 
(1981). Proc. Natl. Acad. Sci. USA 78, 4946-4940 
IV 
Bij het verwerven van inzichten in de regulatie van de transcriptie 
bij eukaryoten wordt veelal te veel waarde gehecht aan specifieke 
DNA sequenties zonder hierbij voldoende rekening te houden met 
de configuratie van het DNA in de chromatine structuur. 
ν 
De conclusie van Gopalakrishna et al. dat een aanzienlijke 
fractie van het boodschapper RNA in bactenële cellen is voor-
zien van poly A staarten is aanvechtbaar. 
Gopalakrishna, Y., Langley, D. en Sarkar, N. (1981). Nucleic 
Acids Res. 9, 3545-3554 
VI 
De door Economidis en Pederson verkregen resultaten betreffende 
de in vivo crosslinkmg van eiwitten aan hnRNA zijn m e t in over-
eenstemming met eerdere resultaten van deze groep. 
Economidis, I.V. en Pederson, T. (1982). Proc. Natl. Acad. Sci. 
USA 79, 1469-1473 
Mayrand, S., Setyono, В., Greenberg, J.R. en Pederson, T. (1981). 
J. Cell Biology 90, 380-384 
VII 
De biologische importantie van palindroom structuren m DNA en 
RNA moleculen wordt te vaak verondersteld en te weinig bewezen. 
VIII 
De mogelijkheden en toepassingen van de recombinant DNA tech­
nologie zullen slechts ten volle kunnen worden uitgebuit indien 
de informatie overdracht hieromtrent naar andere vakgebieden 
sterk wordt gestimuleerd. 
IX 
Sporozoieten van recidiverende malaria die zich, hetzij als 
leverschizont, hetzij als hypnozoiet, ontwikkelen zijn de eerste 
twee dagen na inoculatie onvindbaar (af. Krotoski et al. ,1982). 
Het is waarschijnlijk dat ze zich dan in Kupffer cellen bevinden 
waar ze als goede parasieten het afbraak mechanisme buiten be­
drijf houden. 
Krotoski, W.A., Garnham, P.C.C., Bray, R.S., Krotoski, D.S., 
Killick-Kendnc, R., Draper, C C , Targett, G.A.T. en Guy, M.W. 
(1982). Am. J. Trop. Med. Hyg. 31, 24-35 
Krotoski, W.A., Bray, R.S., Garnham, P.C.C., Gvradz, R.W.,Killick-
Kendric, R., Draper, C.C., Targett, G.A.T., Krotoski, D.M., Guy, 
M.W., Koontz, L.C. en Cogswell, F.B. (1982). Am. J. Trop. Hyg. 
31, 211-225 
X 
De mogelijkheid om tegen malaria parasieten een protectieve 
immunologische reactie op te roepen via immunisatie met anti­
idiotype antilichamen dient onderzocht te worden. 
XI 
Gezien de bereikte resultaten van de in 1969 begonnen bespre­
kingen tussen de Sovjet Unie en de Verenigde Staten inzake de 
beperking van strategische kernwapens dienen op korte termijn 
onderhandelingen geopend te worden over de beperking van 
laserwapens. 
XII 
Het opdelen van ons land in diverse regionen ten behoeve van de 
tariefstructuur voor de verzekering van personenauto's in de 
vorm van het Bonus/Malus systeem leidt niet tot de beoogde 
betere premieverdeling. 
XIII 
Inspraak via hoorzittingen inzake de wijze van besluitvorming 
op de diverse niveaus van ons staatsbestel werkt maar al te vaak 
als een democratische zoethouder en leidt slechts zelden tot 
medezeggenschap en medebeslissingsrecht. 
Mari Α. Smits 22 juni 1982 



